Rhenium(V)-Imido complexes with potentially multidentate ligands containing the amino group by Booysen, Irvin Noel
RHENIUM(V)-IMIDO COMPLEXES WITH POTENTIALLY 
MULTIDENTATE LIGANDS CONTAINING  
THE AMINO GROUP 
 
 
by 
 
 
Irvin Noel Booysen 
 
 
Submitted in partial fulfillment  
of the requirements for the degree of  
Magister Scientiae 
in the Faculty of Science 
at the Nelson Mandela Metropolitan University   
 
 
January 2007 
 
 
Supervisor: Prof T.I.A. Gerber 
Co-Supervisor: Dr Z.R. Tshentu  
Contents                                                                                                   I.N. Booysen 
 
 
Nelson Mandela Metropolitan University 
 
i 
Contents 
 
Acknowledgements  
Abstract 
Crystallographic Data 
vi 
vii 
ix 
 
Chapter 1 
Introduction 
1.1 
1.2 
1.3 
 
 
1.4 
 
 
1.5 
 
 
 
 
1.6 
General Background 
Motivation and Aim of Study 
Rhenium Radiopharmaceuticals 
1.3.1 The production and properties of rhenium nuclides 
1.3.2 Development of rhenium radiopharmaceuticals 
The General Chemistry of Rhenium(V) 
1.4.1 Oxorhenium(V) complexes 
1.4.2 Redox properties 
The Coordination Chemistry of Rhenium(V) 
1.5.1 Complexes with N,O-donor ligands 
1.5.2 Re(V)-imido complexes 
1.5.3 Re(V)-amido complexes 
1.5.4 Re(V)-amino complexes 
References 
1 
2 
3 
4 
5 
7 
7 
9 
10 
10 
11 
13 
14 
16 
 
Chapter 2 
Experimental 
2.1 
2.2 
Handling of Rhenium 
Materials 
21 
21 
Contents                                                                                                   I.N. Booysen 
 
 
Nelson Mandela Metropolitan University 
 
ii 
 
 
 
 
2.3 
 
 
 
 
 
 
 
 
 
2.4 
2.2.1 Precursor compounds 
2.2.2 
2.2.3 
2.2.4 
Commercially obtained ligands 
Synthesis of the ligands 
General laboratory chemicals  
Instrumentation  
2.3.1 Infra-red 
2.3.2 
2.3.3 
2.3.4 
2.3.5 
2.3.6 
2.3.7 
2.3.8 
2.3.9 
NMR 
UV/Vis spectra 
Elemental analyses 
Melting point 
Crystallography 
Conductivity 
Cyclic voltammetry 
Computational studies 
References 
21 
23 
24 
27 
28 
28 
28 
28 
28 
28 
29 
29 
29 
30 
31 
 
Chapter 3 
Monodentate Imido-Rhenium(V) 
Complexes 
3.1 
3.2 
 
 
 
3.3 
 
 
 
 
Introduction 
Experimental  
3.2.1 Synthesis of [Re(dab)Cl3(PPh3)2] (1) 
3.2.2 
3.2.3 
Synthesis of [Re(ada)Cl3(PPh3)2] (2) 
X-ray crystallography 
Results and Discussion 
3.3.1 Synthesis of [Re(dab)Cl3(PPh3)2] (1) 
3.3.2 
3.3.3 
3.3.4 
Synthesis of [Re(ada)Cl3(PPh3)2] (2) 
Spectral characterization 
Description of the structure of complex 1 
32 
33 
33 
34 
34 
35 
35 
35 
36 
38 
Contents                                                                                                   I.N. Booysen 
 
 
Nelson Mandela Metropolitan University 
 
iii 
 
 
 
3.4 
3.3.5 
3.3.6 
3.3.7 
Description of the structure of complex 2 
Cyclic voltammetry studies 
Computational modelling studies 
References 
40 
42 
47 
54 
 
Chapter 4 
Coordination mode of 
5,6-Diamino-1,3-Dimethyluracil 
to Rhenium(V) 
4.1 
4.2 
 
 
 
4.3 
 
 
 
 
 
 
4.4 
Introduction 
Experimental  
4.2.1 Synthesis of 1.2H2O 
4.2.2 
4.2.3 
Synthesis of [C12H12N6O4] (2) 
X-ray crystallography 
Results and Discussion 
4.3.1 Synthesis and characterization  of 1.2H2O 
4.3.2 
4.3.3 
4.3.4 
4.3.5 
4.3.6 
Synthesis and characterization of [C12H12N6O4] (2) 
Description of the structure of complex 1 
Description of the structure of compound 2 
Cyclic voltammetry studies 
Computational modelling studies 
References 
57 
59 
59 
60 
60 
61 
61 
62 
65 
69 
72 
75 
81 
 
Chapter 5 
A Trigonal-Bipyrmidal Oxorhenium(V) Complex with a 
Bidentate Nitrogen-Donor Ligand 
5.1 Introduction 84 
Contents                                                                                                   I.N. Booysen 
 
 
Nelson Mandela Metropolitan University 
 
iv 
5.2 
 
 
5.3 
 
 
 
 
 
5.4 
Experimental  
5.2.1 Synthesis  
5.2.2 X-ray crystallography 
Results and Discussion 
5.3.1 Synthesis of [ReO(Hapb)(apb)] (1) 
5.3.2 
5.3.3 
5.3.4 
5.3.5 
Spectral characterization 
Structure of [ReO(Hapb)(apb)] (1) 
Cyclic voltammetry studies 
Computational modelling studies 
References 
86 
86 
86 
87 
87 
88 
90 
93 
95 
100 
 
Chapter 6 
Tridentate Imido-Rhenium(V) 
Complexes 
6.1 
6.2 
 
 
 
6.3 
 
 
 
 
 
 
 
6.4 
Introduction 
Experimental  
6.2.1 Synthesis of trans-[Re(mps)Cl(PPh3)2](ReO4).H2O (1) 
6.2.2 
6.2.3 
Synthesis of cis-[Re(mps)Cl2(PPh3)] (2) 
X-ray crystallography 
Results and Discussion 
6.3.1 Synthesis of trans-[Re(mps)Cl(PPh3)2](ReO4).H2O (1) 
6.3.2 
6.3.3 
6.3.4 
6.3.5 
6.3.6 
6.3.7 
Synthesis of cis-[Re(mps)Cl2(PPh3)] (2) 
Spectral characterization 
Description of the structure of complex 1 
Description of the structure of complex 2 
Cyclic voltammetry studies 
Computational modelling studies 
References 
103 
104 
104 
105 
105 
106 
106 
106 
107 
110 
112 
114 
119 
126 
 
Contents                                                                                                   I.N. Booysen 
 
 
Nelson Mandela Metropolitan University 
 
v 
Chapter 7 
Future Work 
7.1 Future Work 129 
7.2 References  132 
 
Acknowledgements                                                                                             I.N. Booysen 
 
 
Nelson Mandela Metropolitan University 
 
vi 
Acknowledgements 
 
Firstly I want to express my utmost gratitude to my supervisor, Prof. T.I.A. 
Gerber, for his enthusiastic, excellent and endless patient manner in which he 
guided me through the project. 
 
Secondly, I wish to express my sincere gratitude to my parents Denise and 
Martin, my sister Ilse and my brother Marvin Booysen for their support and 
encouragement. 
 
Thirdly, I wish to thank the following people: 
 
My co-supervisor, Dr. Z.R. Tshentu for his willingness to always help.  
 
Prof. J.G.H. du Preez for his motivation and financial support. 
 
Prof. C.W. McClelland for his assistance with the NMR spectrometry.  
 
Dr. P. Mayer and Dr. E.C. Hosten for the crystallographic analysis. 
 
The Rhenium Chemistry Group: Dr. D.G. Luzipo, A. Abrahams and N. Yumata. 
 
N. Skiti for continuous motivation during my studies. 
 
E. Wagenaar, H. Schalekamp, J. Booi, P. Gaika, and V. Maqoko for technical 
assistance. 
 
Abstract                                                                                                   I.N. Booysen 
 
 
Nelson Mandela Metropolitan University 
 
vii 
Abstract 
 
The complex trans-[Re(dab)Cl3(PPh3)2] (H2dab=1,2-diaminobenzene) was 
prepared from the reaction of trans-[ReOCl3(PPh3)2] with H2dab in ethanol. The 
ligand dab is coordinated to the rhenium(V) centre through a dianionic imido 
nitrogen only, in a distorted octahedral coordination geometry around the metal 
ion. The complex trans-[Re(ada)Cl3(PPh3)2] (H2ada=2-aminodiphenylamine) was 
prepared from the reaction of trans-[ReOCl3(PPh3)2] with H2ada in acetonitrile. 
The ligand ada is coordinated to the rhenium(V) centre through a dianionic imido 
nitrogen only, in a distorted octahedral coordination geometry around the metal 
ion. Surprisingly, the Re-Cl bond length trans to the Re=N bond is shorter than 
the two equatorial Re-Cl bond lengths.                 
 
The reaction of equimolar quantities of cis-[ReO2I(PPh3)2] with 5,6-diamino-1,3-
dimethyluracil (H2ddd) in acetonitrile led to the formation of 
[Re(ddd)(Hddd)I(PPh3)2](ReO4). The X-ray crystal structure shows that the ligand 
ddd is coordinated monodentately through the doubly deprotonated amino 
nitrogen and is therefore present as an imide. The chelate Hddd is coordinated 
bidentately via the neutral amino nitrogen, which is coordinated trans to the imido 
nitrogen, and the singly deprotonated amido nitrogen, trans to the iodide. The 
reaction of equimolar quantities of [NH4(ReO4)] with H2ddd in methanol under 
reflux conditions led to the isolation of [C12H12N6O4] as only product. The [ReO4]- 
ion is therefore instrumental in the formation of [C12H12N6O4], and since the 
product contains no rhenium in any oxidation state, the conclusion is that [ReO4]- 
catalyses the oxidative deamination of H2ddd. The X-ray crystal structure 
consists of two centrosymmetric, tricyclic rings, comprising a central pyrazine ring 
and two terminal pyrimidine rings. 
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viii 
The reaction of a twofold molar excess of H2apb (H2apb=2-(2-aminophenyl)-1H-
benzimidazole) with trans-[ReO2(py)4]Cl in ethanol gave the green product of the 
formulation [ReO(Hapb)(apb)] in good yield. The rhenium atom lies in a distorted 
trigonal-bipyramidal environment. The two imidazole N(2) atoms lie in the apical 
positions trans to each other, with the oxo-oxygen and two amido N(1) atoms in 
the trigonal plane. The complex has C2-symmetry. The two amino groups are 
singly deprotonated and provide a negative charge each, so that they are 
coordinated as amides. The oxo group provides two negative charges. In order to 
obtain electroneutrality for the rhenium(V) complex, the two coordinated 
imidazole nitrogens provide one negative charge. 
 
The complex salt trans-[Re(mps)Cl(PPh3)2](ReO4) (H3mps=N-(2-amino-3-
methylphenyl)salicylideneimine) was prepared by the reaction of trans-
[ReOCl3(PPh3)2] with a twofold molar excess of H3mps. The X-ray crystal 
structure shows that the trianionic ligand mps acts as a tridentate chelate via the 
doubly deprotonated amino nitrogen (which is present in trans-
[Re(mps)Cl(PPh3)2](ReO4) as an imide), the neutral imino nitrogen and the 
deprotonated phenolic oxygen. The [ReO4]- anion has approximately regular 
tetrahedral geometry. Two significant hydrogen bonds are formed between two  
of the perrhenyl oxygens and the water of crystallization. The                       
six-coordinated complex cis-[Re(mps)Cl2(PPh3)2] was prepared by the reaction of 
trans-[ReOCl3(PPh3)2] with a twofold molar excess of H3mps in benzene. The X-
ray crystal structure shows that the mps ligand coordinates as a tridentate 
chelate via the doubly deprotonated 2-amino nitrogen, the neutral imino nitrogen 
and the phenolate oxygen. The imide and phenolate oxygen coordinate trans to 
each other in a distorted octahedral geometry around the rhenium(V) centre, with 
the two chlorides in cis positions.   
 
Keywords:  Rhenium(V), monodentate,  bidentate, tridentate, imido, amido, oxo,                       
crystal structure 
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Supplementary data for all the crystal structures that were determined in this 
study are stored on the compact disk that is included in this dissertation 
(attached to the inside back cover). 
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• Final crystal data and details of the structure determinations; 
• Final coordinates and equivalent isotropic displacement parameters of the 
non-hydrogen atoms; 
• Hydrogen atoms positions and isotropic displacement parameters; 
• (An) isotropic displacement parameters; 
• All bond distances and bond angles; 
• Torsion angles; 
• Contact distances; 
• Hydrogen bonds. 
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Chapter 1 
Introduction 
 
 
1.1 General Background 
 
The current widespread interest in the coordination chemistry of rhenium is 
mainly due to the potential therapeutic application of the radioisotopes 186Re and 
188Re in radiopharmacy.1-3 Technetium-based radiopharmaceuticals are already 
well established in the field of diagnostic nuclear medicine due to the optimal 
nuclear characteristics of 99mTc, such as a short half-life (t1/2 = 6h), γ-ray emission 
of 140 keV and ready availability from the 99Mo/99mTc generator.4 The potential 
therapeutic application of the rhenium radionuclides is due the strong β-emission 
energies of 1070 keV and 2120 keV,5 and long half-lives of 90h and 17h for 186Re 
and 188Re respectively. 
 
The chemistry of rhenium is characterized by the easily accessible oxidation 
states from -I to +VII, which readily interconvert under mild conditions.6 The most 
easily accessible oxidation state is Re(VII) and it is obtained by the mild oxidation 
of the metal and its complexes in the presence of oxidizing agents like nitric acid. 
The Re(V) and Re(VI) readily undergo disproportionation to Re(VII) and Re(IV). 
However, the Re(V) oxidation state is readily stabilized by a variety of ligands. 
The coordination chemistry of rhenium, especially the +V oxidation state, is 
characterized  by a wide variety of metal cores such as the oxo {ReVO}3+,7 dioxo 
{ReVO2}+,7 dinuclear oxo-bridged {ReV2O3}4+,7 nitrido {ReVN}2+,8 imido {ReVNR}3+,9 
amido {ReVNHR}4+,10 hydrazino {ReV(HxNNR)n}m+,11 sulfido {ReVS}3+  and the 
tricarbonyl core {ReI(CO)3}+.12 The metal-oxo cores are prevalent, and most 
research has been done on their coordination chemistry.    
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1.2 Motivation and Aim of Study   
 
Due to the prominence of the oxo group in the coordination chemistry of Re(V) in 
terms of structures, geometries, reactivity, redox processes and magnetic 
properties, the exploration of oxorhenium(V) coordination chemistry has  
stagnated.13 This has resulted in the restriction of the variety of rhenium 
therapeutic agents for cancer treatment. Thus the further development of new 
potential therapeutic agents will largely depend on the discovery of new stable 
rhenium(V) moieties. 
 
The main aim of this study was to synthesize rhenium(V) complexes containing 
metal cores other than the metal oxo core. The study was initiated by reacting 
1,2- diaminobenzene (H2dab) with oxorhenium(V) precursor compounds. The 
reactions of H2dab with transition metals have been widely studied 9 and they 
give complexes containing diverse redox processes, geometries, magnetic 
properties and chemical properties. For example, H2dab can be present in 
complexes as the 1,2-diamide dianion(dab), the 1,2-benzoquinone diimine π- 
radical monoanion (sbqi), or the neutral 1,2-benzoquinone (bqdi) [Figure 1.1]. 9 
 
NH-
NH-
dab
-e
NH
NH-
sbqdi
-e
NH
NH
bqdi
Figure 1.1: Different redox forms of 1,2-diaminobenzene. 
 
 
The study developed further to include the reactions of H2dab derivatives like     
4,5-diamino-1,3-dimethyluracil, 2-aminodiphenylamine and 2-(2-aminophenyl)-
1H-benzimidazole. Deprotonation of the amino groups in these molecules may 
lead to highly electron-rich sigma- and pi-donating imido or amido nitrogens 
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which may provide enough electron density to the high oxidation state metal to 
substitute the oxo group. These molecules may form complexes containing a 
phenylimido or phenylamido moieties upon coordination. One of the advantages 
of the phenylimido moiety is that it can be readily functionalized and derivatized. 
For example, the compound [188Re(=NC6H4-X)Cl3(PPh3)2] contains a 
parasubstiuted phenylimido group which was functionalized with a carboxylic 
group conjugated to various cholesterol derivatives.11 However, it has been 
shown that many phenylimido rhenium(V) compounds are hydrolytically  
unstable.10 For this reason, this study was further extended by the reactions of 
multidentate ligands such as N-(2-amino-3-methylphenyl)salicylideneimine which 
could lead to a coordinated chelate containing the phenylimido core     
[Re=NC6H4-X].  
    
1.3 Rhenium Radiopharmaceuticals 
 
A radiopharmaceutical is a compound containing a radionuclide and ligands, 
which is used for the diagnostic and therapeutic treatment of diseases.  Tc-99m 
based radiopharmaceuticals are the most frequently used for the diagnosis of 
various cancer types.1 
 
The rhenium radionuclides have been proposed to be suitable candidates for the 
therapeutic treatment of various cancer types due to their favourable properties:  
  
• 
186Re and 188Re radionuclides are β-emitters which makes them capable 
of emitting high radiation doses to cancer tissue; 
• rhenium shares a similar chemistry to its group 7 congener technetium; 
• 
186Re and 188Re radionuclides have a photon emission of the same energy 
as that of 99m Tc-radionuclide and this makes it possible for 186Re and 
188Re radiopharmaceuticals biodistribution to be monitored using the same   
γ-ray camera;14 
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• 
188Re is generated from a 188W/188Re radionuclide generator and 
separable by analogous ion exchange methods to those used for 99mTc 
generation.15   
 
1.3.1 The production and properties of rhenium nuclides 
 
(a)  Production of rhenium nuclides 
 
The 186Re radionuclide is produced by neutron radiation of 185Re in a reactor  
via (n,γ) reaction: 
 
185Re + n → 186Re 
 
188Re radionuclide is produced from a 188W/188Re radionuclide generator via the 
following reaction: 
 
188WO42-→ 188ReO4- + β- 
 
The 188Re radionuclide is separated from 188W via ion exchange methods.15 
 
(b) Properties of rhenium radionuclides 
 
Rhenium belongs to group 7 of the Periodic Table and it has an atomic number 
of 75. Rhenium occurs naturally as a mixture of two non-radioactive isotopes: 
185Re (32.30%) and 187Re (67.70%). The nuclear properties of the radioactive 
isotopes are tabulated in Table 1.1. 
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Table 1.1: Properties of the rhenium radionuclides. 
Radionuclide Half-life (t1/2)  β(max) (MeV) Tissue range(mm) γ (keV) 
186Re 90h 1.07 5 137 
188Re 17h 2.1 11 155 
 
 
Rhenium has two β-emitting radionuclides, 186Re and 188Re which have optimal 
half-lives and energies for therapeutic treatment of cancer treatment. The tissue 
penetration of 5 mm for 186Re makes it suitable for small tumours, whereas the 
greater 11 mm range of 188Re is more suitable for large tumours. The optimal 
half-lives of the radionuclides also increase the exposure of cancer tissue to the 
radiation.  
 
1.3.2 Development of rhenium radiopharmaceuticals 
 
(a) Development of rhenium radiopharmaceuticals 
 
There has been an upsurge of rhenium radiopharmaceutical development during 
the last two decades due to the highly successful diagnostic application of 
technetium radiopharmaceuticals in nuclear medicine. The rhenium 
radiopharmaceuticals were at first designed analogous to their group 7 congener 
technetium. The only success for this approach to date is the Re-HEDP (ethane-
1-hydroxy-1,1-disphosphonate) [Figure 1.2], which has been used for palliative 
treatment of terminally ill patients with metastatic bone cancer.  
 
PO
OH
OH
C P O
OH
CH3
OH
OH
 
Figure 1.2: Structure of HEDP. 
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Both Tc-HEDP and Re-HEDP are excellent bone seekers and have very similar 
biodistribution. The unsuccessful “match-pair” approach of rhenium and 
technetium radiopharmaceuticals analogues is due to subtle differences in the 
chemistry of these metals.1,3 
 
Technetium and rhenium are very similar in their physical properties, like size, 
lipophilicity, shape, dipole moment and formal charge, but rhenium is easier to 
oxidize and more kinetically inert than technetium.3,17 
 
(b) Application of rhenium radiopharmaceuticals 
  
As mentioned, Re-HEDP is the only rhenium radiopharmaceutical currently in 
use, but there has been promising developments lately. The Re-DMSA 
(dimercaptosuccinic acid) [Figure 1.3], an analogue of Tc-DMSA, has been used 
for the therapeutic treatment of the rare medullary thyroid carcinoma. The Re-
DMSA shows selective uptake in tumour tissue analogous to the Tc-DMSA.  
 
Re
O S
S
CO2H
CO2H
S
S
HO2C
HO2C
 
Figure 1.3: Structure of Re-DMSA. 
 
 
Recently, rhenium radiopharmaceuticals have been designed for various cancer 
tumours by tagging the radionuclide to steroids. For example, a rhenium 
cyclopentadienyltricarbonyl unit had been attached to the 17 position of an 
estradiol derivative [Figure 1.4].1,18 
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HO
ClH2C
OH
Re(CO)3
 
Figure 1.4: Structure of rhenium cyclopentadienyltricarbonyl unit. 
 
 
1.4 The General Chemistry of Rhenium(V)  
 
1.4.1 Oxorhenium(V) complexes 
 
Rhenium(V) compounds are generally diamagnetic due to their spin-paired d2 
configuration. These complexes are mostly octahedral and are classified by 
various metal cores such as the nitrido {RevN}2+,8  imido {RevNR}3+,4 amido 
{MvNHR}2+,10 oxo {RevO}3+,7 and the sulfido {ReVS}3+. The oxorhenium(V) 
complexes predominate and undergo various reactions, such as given below. 
 
(a) Oxidation 
 
The oxorhenium(V) complexes are normally oxidized by strong oxidants which 
result in the formation of [ReO4]-, without forming any intermediates. For 
example, [ReOCl4(H2O)]- in 10M HCl is oxidized by NO2- to [ReO4] - as shown in 
the following reaction:19,21
 
 
5[ReOCl4(H2O)] - + 2 NO2- → 3 [ReO4] - + 10HCl + 2[ReOCl5(NO)] - 
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Oxorhenium(V) complexes can also be oxidized by molecular dioxygen  but this 
occurs rarely. For example, [ReO2I(PPh3)2] is oxidized by O2 in alcohols (ROH)  to 
[ReOI2(OR)(PPh3)2] (ReO4).20 
 
(b) Reduction 
 
The common route to Re(III) complexes is the reduction of monooxorhenium(V) 
by triphenylphosphine via the removal of the terminal oxide.17  An example is 
shown in the following reaction: 
 
trans–[ReOCl3(PPh3)2] + CH3CN + PPh3 → trans–[ReOCl3(MeCN)(PPh3)2] + OPPh3 
 
In this reaction the terminal oxide is replaced by the solvent molecule CH3CN and 
OPPh3 is the only oxidation by-product. 
 
(c) Disproportionation  
 
Oxorhenium(V) complexes can also undergo disproportionation to Re(IV) and 
Re(VI),21 as shown in the following reaction:22 
 
3[ReOCl5]2- + H2O → [ReO4]- + 2[ReCl6]2- +Cl- + 2HCl  
 
(d) Protonation of the Terminal Oxide 
 
The trans-dioxorhenium(V) complexes readily undergoes protonation to yield the 
oxohydroxo species, but the mono-oxorhenium(V) complexes do not undergo 
protonation.23 For example, [ReO2(en)2]+ gives a pink solution of 
[ReO(OH)(en)2]2+ in 2M HCl, and purple needles of [ReO(OH)(en)2](ClO4)2 in 
perchloric acid.24 
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(e) Ligand Substitution 
 
Ligand substitution is readily effected in the cold or by gentle warming in a 
suitable solvent. An example is shown in the following reaction: 
 
Re
O
Cl
Cl
Cl
Dppen
THF
H
P
P
H
Re
O
Cl
Cl
OEt
H
P
P
H
Re
Cl
Cl Cl
SMe2
O
OPPh3
Re
Cl
Cl Cl
SMe2
O
OPPh3
Dppen
EtOH
 
 
 
The reaction in different solvents produces different products. Substitution by 
water or hydroxyl is often followed by deprotonation to give a trans-dioxo 
species, for example:26  
 
[ReO(OEt)I2(PPh3)2]  + H2O→ [ReO2I(PPh3)2] + HI + EtOH 
 
1.4.2 Redox properties 
 
The redox behaviour of rhenium(V) and technetium(V) is similar and  is directly 
correlated to the bioactivity of the radiopharmaceuticals.28 Thus it is logical to 
evaluate the reactivity of the radiopharmaceuticals by investigating their redox 
properties. However, the studies have shown that the rhenium(V) complexes are 
much easier to oxidize than technetium analogues.1 
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Redox properties are often quantified using electrochemical methods as 
measured by cyclic voltammetry, which is a useful tool for investigating the 
interconversion of the easily accessible oxidation states of rhenium. The redox 
behaviour of rhenium(V) complexes has been extensively investigated via cyclic 
voltammetry, with ligands such as H2dab and its derivatives.  H2dab is a highly 
delocalized, unsaturated electron-rich molecule with diverse oxidation-reduction 
processes and it also gives rhenium(V) complexes with unusual structural, 
magnetic and chemical properties [see Figure 1.4].30 The redox behaviour of 
rhenium(V) complexes with other types of ligands such as Schiff bases,31 
pyridines,32 phosphines 33 and dithiocarbamates 34 has also been investigated.       
 
1.5 The Coordination Chemistry of Rhenium(V) 
 
1.5.1 Complexes with N,O-donor ligands 
 
The study of oxorhenium(V) with N,O-donor chelates has largely been limited to 
Schiff base ligands which are relatively polarizable and able to stabilize the rather 
acidic ReO3+ core. Bidentate aromatic N,O-donor Schiff bases, containing an 
imine nitrogen and phenolic oxygen, always give complexes with the phenolic 
oxygen trans to the oxo group in a distorted octahedral geometry around the 
metal. The phenolic oxygen of the Schiff base, from which a proton is abstracted, 
forms a negatively-charged ligand upon coordination.35 
 
Complexes of 3-hydroxypicolinic acid (HpicOH) are of biological interest 36 and 
also pose structural ambiguities, since they display a number of possible 
coordination modes.37 The HpicOH ligand is a potential chelate with interesting 
possibilities, either N,O-chelation (through the pyridine nitrogen and the 
carboxylate group, forming a five membered chelate ring) or O,O-chelation 
(through the carboxylate group and the deprotonated hydroxyl group, forming a 
six membered chelate ring)  [Figure 1.5]. 
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It was reported that the coordination of HpicOH has led to the N,O-chelation of 
the ligand due to the preference of the deprotonated phenolic oxygen to be 
coordinated trans to the Re=O bond. For example, the complex 
[ReO2(PPh3)2(picOH)] was synthesized from HpicOH and [ReO2I(PPh3)2]. The 
complex has a distorted octahedral geometry with a phenolic oxygen trans to the 
Re=O bond, and with a bite angle of 74.8°.38 
 
N
O O
HO
Re
N
O O
O
Re
N,O-chelation O,O-chelation
 
Figure 1.5: Coordination modes of 3-hydroxypicolinic acid. 
 
 
Indicative to the trend found, the complex [ReOCl2(Hpma)(PPh3)] was 
synthesized from trans-[ReOCl3(PPh3)2] and H2pma (2-amino-3-methylphenol). 
The complex has a distorted octahedral geometry with coordination through the 
imine nitrogen and the phenolic oxygen which is coordinated trans to the Re=O 
bond.39 
 
1.5.2 Re(V)-imido complexes
 
 
The rhenium(V)-imido complexes have been recently extensively investigated 
due to their possible application in the development of new 
radiopharmaceuticals. The rhenium(V) core [Re=N-R]3+ can be readily 
derivatized by the modification of the organic substituent, to manipulate the 
biodistribution of the radiopharmaceutical. In addition, the incorporation of 
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functional groups in the organic moiety R may facilitate the linking of rhenium(V)-
imido complexes to biologically relevant molecules.40 
 
The rhenium(V)-organoimido moiety can be described by three hybridization 
forms:   
 
Re
N
R
I
Re
N
II
R
III
Re
N
R
 
 
 
Structure I is a bent imido where the sp2-hybridized nitrogen acts as a 2-electron 
donor to the metal. Structure II is a linear imido where a sp2-hybridized nitrogen 
acts as a 2-electron donor in which the lone pair of electrons occupies an orbital 
that is principally N(2p) in character. Structure III is a linear imido in which a sp-
hybridized nitrogen acts as a 4-electron donor with the lone pair on the nitrogen 
being donated into a π-acceptor orbital of the metal.41 
 
The organoimido complexes [Re(NR)X3L2] (where X=halide, aryl, aroyl, etc) have 
been extensively investigated. These complexes are usually prepared by routes 
which involve the reaction of trans-[ReOCl3(PPh3)2] with aromatic amines, 
phosphinimines (Ph3P=NR), phenyl isocyanate and sulfynilamines (ArNSO):42,43 
 
trans-[ReOCl3(PPh3)2]  + ArNH2 → [Re(NAr)Cl3(PPh3)2] + H2O    (1) 
 
trans-[ReOCl3(PPh3)2]  + ArNSO → [Re(NAr)Cl3(PPh3)2] + SO 2   (2) 
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The complex trans-[Re{2-N(3-H2N)C6H3OH}Cl3(PPh3)2] was synthesized from 
trans-[ReOCl3(PPh3)2] and 2,3-diaminophenol. This complex is monomeric and 
neutral and exhibits an approximately octahedral geometry. The ReV≡N-R bond 
angle is 179.5ْ˚  which emphasizes the linear coordination mode of the triply-
bonded phenylimido unit, and the bond distance of ReV≡N is 1.730Ǻ.44  
 
It has been shown that if the rhenium(V) organoimido group was part of a six or 
five membered chelate, it would be possible to be bent. The first known 
rhenium(V) organoimido chelating complex [Figure 1.6] was synthesized from 
trans-[ReOCl3(PPh3)2] and anthranilic acid.45 
 
Re
Cl
Ph3P
O
PPh3
N
OCH2CH3
C
O
 
Figure 1.6: Structure of [ReOCl(OEt)(PPh3)2(NC6H4CO2)]. 
 
 
1.5.3 Re(V)-amido complexes 
 
Re(V)-amido complexes have been investigated extensively, especially those of 
1,2-diaminobenzene, due to their diverse oxidation-reduction processes which 
give complexes with diverse magnetic, structural and chemical properties [Figure 
1.1, page 2]. For example, the neutral complex cis-[ReO2(Hdab)(py)2] was 
synthesized from trans-[ReO2(py)4]I and 1,2-diaminobenzene (H2dab). The 
geometry of the complex is a distorted octahedron and the ligand Hdab acts as a 
monoanionic bidentate amino-amide:46 
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NH2
NH-
 
 
 
Recently, derivatives of 1,2-diaminobenzene have been used to form Re(V)-
amido complexes. For example, the complex [ReO(Hdap)2]Cl2.2H2O was 
synthesized from the reaction with 2,3-diaminopyridine (H2dap). It has a square 
pyramidal geometry, and the two bidentate chelates Hdap exist in the 
monoanionic diamidopyridinium form i.e. both the amino groups of each ligand 
are singly deprotonated and the pyridyl nitrogen is protonated:46 
 
N
-HN
-HN
H
 
 
 
1.5.4 Re(V)-amino complexes 
 
Re(V)-amino complexes have been synthesized from aliphatic 47 and aromatic 
ligands.48 For example, the reaction of an excess 2-aminoethanethiol (Haet) with 
(NH4)[ReO4] in the presence of the reducing agent SnCl2 led to the oxo complex, 
[ReOCl(aet-N,S)2].     
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Re
N
H2
S S
N
H2
O
Cl
 
 Geometry of [ReOCl(aet-N,S)2] 
 
 
The X-ray crystal structure analysis revealed that the coordination environment 
around the metal is distorted from a regular octahedron. The coordination of each 
aet ligand to the oxorhenium core occurs through the N and S atom to form an 
equatorial N2S2 plane. The oxo group and chloride are in trans axial positions.47 
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Chapter 2 
Experimental 
 
2.1 Handling of Rhenium 
 
Rhenium occurs naturally as a mixture of two non-radioactive isotopes: 185Re 
(32.30%) and 187Re (67.70%). The radioactive isotopes, 186Re and 188Re, are 
generated from the non-radioactive isotopes 185Re and 187Re respectively. The 
non-radioactive isotopes are used in this study; therefore no special precautions 
were taken in the handling of rhenium. 
 
2.2 Materials 
 
2.2.1 Precursor compounds 
 
(a) Ammonium perrhenate 
 
The ammonium perrhenate (NH4)[ReO4] was obtained from Sigma-Aldrich in  
+99% purity and required no further purification. 
 
(b) trans-[ReOCl3(PPh3)2]  1 
 
A mixture of 0.9 g (NH4)[ReO4]  in 3 cm3 concentrated hydrochloric acid was 
added to 5.0 g of triphenylphosphine in 50 cm3 glacial acetic acid under nitrogen. 
A bright green precipitate formed, which was filtered, washed with glacial acetic 
acid and diethyl ether, and dried under vacuum. Yield = 95%. Anal. Calcd. for 
C36H30P2OCl3Re (mol. wt. = 833.09 g/mol) (%): C, 51.90; H, 3.63; Cl, 12.95.  
Found: C, 51.92; H, 3.61; Cl, 12.87. 
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(b) trans-[ReI2O(OEt)(PPh3)2]  
 
The compound was synthesized by a variation of a published method.2 To a 
solution of 1.0 g of (NH4)[ReO4]  in 5 cm3 of concentrated hydroiodic acid (56%) 
was added to 5.0 g of triphenylphosphine in 30 cm3 of ethanol. The resultant 
suspension was heated under reflux for 15 minutes. A green precipitate formed 
which was filtered, washed successively with ethanol and diethyl ether, and dried 
under vacuum. Yield = 85%. Anal. Calcd. for C38H35I2O2P2Re (mol.wt. = 
1142.8g/mol) (%): C, 44.50; H, 3.43; I, 24.75. Found: C, 44.72; H, 3.91; I, 25.17. 
 
(c) cis-[ReO2I(PPh3)2]  2 
 
A suspension of 1.0 g of trans-[ReI2O(OEt)(PPh3)2] in acetone (50 cm3) and 
water (2 cm3) was stirred at ambient temperature for 1 hour. The resultant 
mixture deposited a bright violet microcrystalline compound, which was filtered, 
washed with acetone and diethyl ether, and dried under vacuum. Yield = 88%. 
Anal. Calcd. for C36H30IO2PO2Re (mol.wt. = 869.7 g/mol) (%): C, 49.75; H, 3.48; 
I, 14.16. Found: C, 49.72; H, 3.46; I, 14.41. 
 
(d) trans-[ReO2(py)4]Cl  3 
 
A mixture of 0.5 g trans-[ReOCl3(PPh3)2] and 1 cm3 pyridine was added to a 
mixture of 0.5 cm3 of water in 10 cm3 acetone. The resultant mixture was refluxed 
for 90 minutes and cooled in ice water for 30 minutes, to give a yellow precipitate 
which was washed with toluene (2x3 cm3) and diethyl ether (2x3 cm3), and dried 
under vacuum. Yield = 90%. Anal. Calcd. for C20H20ClN4O2Re (mol.wt. = 570.06 
g/mol) (%): C, 42.14; H, 3.54; Cl, 14.16; N, 9.83. Found: C, 42.72; H, 3.46; Cl, 
14.41; N, 9.87. 
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2.2.2 Commercially obtained ligands 
 
(a) 2-Aminodiphenylamine 
 
This ligand was obtained in 97% purity from Sigma-Aldrich and no further 
purification was done.  
  
(b) 4,5-Diamino-1,3-dimethyluracil  
 
This ligand was obtained in 98% purity from Sigma-Aldrich and no further 
purification was carried out. 
 
(c) 1,2-Diaminobenzene 
 
This ligand was obtained in 98% purity from Sigma-Aldrich and no further 
purification was done. 
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2.2.3 Synthesis of the ligands 
 
(a) N-(2-Amino-3-methylphenyl)salicylideneimine (H3mps) 
 
A solution of 100 mg of salicylaldehyde in 15 cm3 of benzene was added to 100 
mg of 3-methyl-1,2-diaminobenzene in 15 cm3 of ethanol, and the mixture was 
heated under reflux for 90 minutes. After heating was stopped, the hot solution 
was filtered, and left to cool at room temperature. After 3 hours orange crystals 
were collected by filtration. They were washed with toluene and diethyl ether, and 
dried under vacuum. Yield = 95%, m.p. 73 – 76  ْ C. Anal. Calcd. (%) for 
C14H14N2O: C, 74.31; H, 6.24; N, 12.38. Found: C, 44.72; H, 3.91; N, 25.17. IR 
(νmax/cm-1): ν(C=N) 1609; ν(O-H) 3398; ν(N-H) 3168, 3074. 1H NMR (295K,ppm) 
13.08 (br, s, 1H, H(6)), 9.23 (s, 2H, NH2); 7.42 (t, 2H, H(2), H(3)); 7.07 (d, 1H, 
H(4)); 7.03 (d, 1H, H(11)); 6.98 (d, 1H, H(10)); 6.94 (d, 1H, H(8)); 6.77 (t, 1H, 
H(9)); 2.21 (s, 3H, CH3). 
 
NH2
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Figure 2.1:  Structure of N-(2-amino-3-methylphenyl)salicylideneimine (H3mps). 
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Figure 2.2: IR spectrum of N-(2-amino-3-methylphenyl)salicylideneimine 
(H3mps). 
 
 
 
Figure 2.3: 1H NMR spectrum of N-(2-amino-3-methylphenyl)salicylideneimine 
(H3mps). 
Wavenumber (cm-1) 
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(b) 2-(2-Aminophenyl)-1H-benzimidazole (H2apb) 
 
A mixture of 2.00 g of 2-aminobenzoic acid and 1.58 g of 1,2-diaminobenzene 
was dissolved in 100 cm3 of 6M HCl. The resultant solution was then refluxed for 
24 hours, after which it was placed in a cold-room at 10˚C. After three days crude 
brown crystals were obtained, which were filtered off and dried. The crystals 
were redissolved in ethanol and decolourising charcoal was added to the 
reaction mixture. The resultant mixture was refluxed for 24 hours and then 
allowed to cool to room temperature, after which it was filtered via Kieselguhr 
filtration. The filtrate was then left to stand in the cold-room at 10˚C, and light 
brown crystals were obtained after 2 days. They were collected and dried under 
vacuum. Yield = 85%,   m.p. 211–215  ْ C.  Anal. Calcd. (%) for C13H11N3: C, 
74.62; H, 5.30; N, 20.08. Found: C, 74.60; H, 5.28; N, 19.97. IR (νmax/cm-1): 
ν(C=N) 1614, ν(N-H) 3120, 3061. 1H NMR (295K,ppm): 12.89 (br, s, 1H, NH); 
7.85 (d, 1H, H(1)); 7.61 (s, 2H, NH2); 7.18-7.27 (m, 4H, H(2), H(3)); 7.15 (t, 2H, 
H(7), H(6)); 6.85 (d, 1H, H(8)); 6.68 (t, 2H, H(5), H(4)). 
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 Figure 2.4: Structure of 2-(2-aminophenyl)-1H-benzimidazole (H2apb). 
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Figure 2.5: 1H NMR spectrum of 2-(2-aminophenyl)-1H-benzimidazole (H2apb). 
 
 
2.2.4 General laboratory chemicals 
 
All solvents used were of analytical grade, and were purified by standard 
methods. All common laboratory chemicals were of analytical grade, and were 
used without any further purification.   
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2.3 Instrumentation 
 
2.3.1  Infra-red 
 
The infrared spectra were recorded on a Nicolet 20DXC FTIR spectrophotometer 
in the 4000-200cm-1 range in KBr pellets. 
 
2.3.2 NMR 
 
The 1H NMR spectra were obtained at 300K using a Bruker 300MHz 
spectrometer. The peak positions are relative to SiMe4 as reference.  
 
2.3.3 UV-Vis spectra 
 
Optical spectra were obtained using Shimadzu UV-3100 and Perkin-Elmer 330 
spectrophotometers. The extinction coefficients (ε) are given in dm3 mol-1 cm-1. 
 
2.2.4 Elemental analyses 
 
The elemental analyses for carbon, hydrogen, nitrogen and sulfur were carried 
out by the Department of Chemistry at the University of the Western Cape in 
Cape Town. 
 
2.2.5 Melting point 
 
Melting points were determined using an Electrothermal 1A9100 melting point 
apparatus. 
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2.2.6 Crystallography 
 
A Nicolet-Siemens R3m/V or a Nonius Kappa CCD diffractometer in the 
conventional ω-2Ө scan mode and monochromatic Mo-Kα radiation (λ = 
0.71073Ǻ) was used for the crystal structure analyses. 
 
2.2.7 Conductivity 
 
These measurements were carried out in a variety of solvents at 293K on a 
Phillips PW 9509 digital conductometer. 
 
2.2.8 Cyclic voltammetry 
 
The studies were carried out by using a Bas Episilon Version 1.30.64 system 
which consists of a platinum working electrode, a platinum wire auxiliary 
electrode and silver/silver chloride Re-5 reference electrode. The supporting 
electrolyte, tetrabutylammoniumtoluene-4-sulfonate had a concentration of 0.1 M 
and the respective complex concentrations were 2 mM. Dichloromethane was 
used as a solvent for the complexes, as well as for the ligand 2-amino-3-
methylphenylsalicylideneimine. For ammonium perrhenate, due to the insolubility 
of the salt in dichloromethane, dried dimethylformamide was used as a solvent. 
All the CV runs were done at a scan rate of 200 mV/s between 1500 mV to -1500 
mV and back to 1500 mV. Before each run the sample solutions were first 
deoxygenated by bubbling nitrogen through the sample solutions. 
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2.2.9 Computational studies 
 
The Spartan V.1.03 program 4 was used in the computational modeling studies. 
The geometry optimization of all complexes was computed via semi-empirical 
(PM3) methods and ab-initio  Density Functional Theory (DFT) methods with 
Becke’s three parameters hybrid functional using the Lee, Yang and Parr 
correlation functional (B3LYP). 
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Chapter 3 
Monodentate Imido-Rhenium(V)  
Complexes 
 
3.1 Introduction 
 
The coordination modes of H2dab (1,2-diaminobenzene) have been extensively 
studied due to its diverse oxidation-reduction and geometrical, magnetic and 
chemical properties.1 For example, H2dab can be present in the relevant 
complexes as the neutral 1,2-diamine (H2dab), e.g. [PtII(H2dab)Cl2];2 the 1,2-
diamide dianion (dab), e.g. [NiII(dab)2];3 the 1,2-benzoquinone diimine π-radical 
(sbqdi), e.g. [MII(sbqdi)2], (MII = Co, Pd, Pt);4 or the neutral 1,2-benzoquinone 
diimine (bqdi), e.g.  [FeII(bqdi)3](PF6)2.5 
 
NH-
NH-
dab
NH-
NH-
sbqdi
NH
NH
bqdi
NH2
NH2
H2dab
 
 
 
Gerber and co-workers have extensively investigated the reactions of rhenium(V) 
with H2dab and its derivatives. For example, it was found that the reaction of 
trans-[ReO2(py)4]I with H2dab led to the formation of the first neutral octahedral 
cis-dioxorhenium(V) mononuclear complex [ReO2(Hdab)(py)2].6 The reaction of 
trans-[ReOCl3(PPh3)2] and 2,3-diaminophenol led to the isolation of the neutral, 
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monomeric, octahedral trans-[Re{2-N(3-H2N)-C6H3OH}Cl(PPh3)2] as product,7 in 
which the dab2- ligand is coordinated monodentately through the imido nitrogen 
only. 
 
This chapter is an extension of the study on the coordination modes of H2dab 
and its derivatives. It was found that the reaction of H2dab and trans-
[ReOCl3(PPh3)2] afforded the imido complex [ReV(dab)Cl3(PPh3)2] in which dab is 
coordinated as a monodentate dianionic imide. This form was never observed 
before in any metal complex. 
 
N2-
NH2
 
 
 
The reaction of 2-aminodiphenylamine (H2ada) and trans-[ReOCl3(PPh3)2]  also 
led to the formation of the  imido complex [ReV(ada)Cl3(PPh3)2]. 
 
3.2 Experimental 
 
3.2.1 Synthesis of [Re(dab)Cl3(PPh3)2] (1) 
 
A mixture of trans-[ReOCl3(PPh3)2]  (150 mg, 180 µmol) and H2dab (20 mg, 185 
µmol) in ethanol (20 cm3) was heated under reflux for 1h. The resulting green 
mixture was allowed to cool to room temperature, and the dark red product 1 was 
filtered off, washed with ethanol and diethyl ether, and dried under vacuum. 
Further evaporation of the filtrate gave another batch of crystalline product. 
Recrystallization from ethyl acetate/dichloromethane gave red paralellograms. 
Yield = 68%, m.p. 191 ْ C. Anal. Calcd. (%) for C42H36Cl3N2P2Re: C, 56.64; H, 
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3.93; N, 3.03, Found: C, 54.72; H, 3.79; N, 2.89. IR (νmax/cm-1): ν(N-H) 3315, 
3061; ν(C-N) 1578; ν(Re=N) 1093; ν(P-C) 694; ν(Re-Cl) 320, 278. 1H NMR 
(295K, ppm): 6.91 (m, 2H); 7.22 (m, 2H); 7.32 (br, s, 2H, NH2); 7.56-7.68 (m, 
30H, PPh3). UV-Vis (CH2Cl2, λmax (ε, M-1 cm-1)): 482(3290); 372(1790); 
325(2880); 266(14800). Conductivity (CH2Cl2, 10-3M): 13 ohm-1cm-2mol-1. 
 
3.2.2 Synthesis of [Re(ada)Cl3(PPh3)2] (2) 
 
A mixture of trans-[ReOCl3(PPh3)2] (150 mg, 180 µmol),                       
2-aminodiphenylamine (35 mg, 190 µmol) and acetonitrile (20 cm3) was heated 
under reflux for 1 h under nitrogen.  The resulting blue reaction mixture was 
allowed to cool to room temperature, and the dark red product 2 was filtered off, 
washed with acetonitrile and diethyl ether, and dried under vacuum. 
Recrystallization from ethanol/dichloromethane gave violet needles of 2. Yield = 
73%, m.p. 193-195 ْC, Anal. Calcd. (%) for C47H41Cl3N2P2Re: C, 55.36; H,3.94; N, 
2.65, Found: (%) C, 55.16; H, 3.87; N, 2.34. IR (νmax/cm-1): ν(N-H) 3225; ν(Re=N) 
1092; ν(Re-Cl) 297, 309. 1H NMR (295K,ppm): 7.52-7.71 (m,32H); 7.21-7.35 (m, 
8H). UV-Vis (CH2Cl2, λmax (ε, M-1cm-1)): 530(1475); 386(5443); 346(10590). 
Conductivity (CH2Cl2, 10-3M): 15 ohm-1cm-2mol-1.  
 
3.2.3 X-ray crystallography 
 
X-ray diffraction studies on crystals of 1 and 2.⅔CH2Cl2 were performed at 
200(2)K using a Nonius Kappa CCD diffractometer with graphite monochromated 
Mo Kα radiation (λ=0.71073Ǻ). The structure was solved by direct methods 
applying SIR97 8 and refined by least-squares procedures using SHELXL-97.9 All 
non-hydrogen atoms were refined anisotropically, and the hydrogen atoms were 
calculated in idealized geometrical positions. The data were corrected by a 
numerical absorption correction 10 after optimizing the crystal shape with 
XShape.11 Crystal and structure refinement data are given in tables 3.4 and 3.5 
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for complexes 1 and 2 respectively, with selected bond distances and angles in 
tables 3.6 and 3.7.  
 
3.3  Results and Discussion 
 
3.3.1 Synthesis of [Re(dab)Cl3(PPh3)2] (1) 
 
The reaction of H2dab with trans-[ReOCl3(PPh3)2] in equimolar quantities in 
boiling ethanol gave the product 1 in good yield. 
 
[ReOCl3(PPh3)2] + H2dab → 1 + H2O 
 
Complex 1 is air-stable and diamagnetic, and is a non-electrolyte in DMF. Its 
solubility in most polar solvents is low, but it could be recrystallized from ethyl 
acetate and dichloromethane.    
 
3.3.2  Synthesis of [Re(ada)Cl3(PPh3)2] (2) 
 
The reaction of H2ada with trans-[ReOCl3(PPh3)2] in equimolar quantities in 
boiling ethanol gave the product 2 in good yield. 
 
[ReOCl3(PPh3)2] + 2Hada → 2 + H2O 
 
Complex 2 is stable in air for months. It is diamagnetic and is a  non-electrolyte in 
dichloromethane. Although its solubility in most polar solvents is low, it could be 
recrystallized from ethanol and dichloromethane.  
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3.3.3 Spectral characterization 
 
The IR spectra of 1 and 2 [Figure 3.1] are characterized by strong absorptions at 
1093 cm-1 and 1092 cm-1 respectively which are within the region (1000 - 1200 
cm-1) expected for the linearly coordinated phenylimido moiety with a ν(Re-N) 
triple bond.20,21 There are no peaks in the 890 - 1020 cm-1 region which can be 
ascribed to a rhenium(V)-oxo stretching vibration. There are two bands in the 
low-frequency region at 320 and 278 cm-1 for 1 and at 309 and 297 cm-1 for 2, 
corresponding to the Re-Cl stretching modes. The lower values for 1 and 2 are 
indicative of the chloride coordinated in the position trans to the imido nitrogen. 
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Figure 3.1: IR spectra of complexes 1 and 2. 
 
 
In the 1H NMR spectrum of 1, the signal due to the uncoordinated NH2 group 
appears as a broad singlet at 7.32 ppm. The multiplets at 6.91 and 7.22 ppm, 
Wavenumber (cm-1) 
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which integrates for two protons each, are assigned to the dab protons H(2)H(5) 
and H(3)H(4) (see Fig 3.3 for labelling) respectively. The multiplet in the region 
7.56-7.68 ppm integrates for 30 protons and is assigned to the protons of the two 
triphenylphosphine ligands.  The 1H NMR spectrum of 2 is not informative about 
the coordination mode of ada, since only two multiplets in the regions 7.21-
7.35(8H) and 7.52-7.71 ppm (32H) are present. 
 
The UV-Vis spectrum for 1 [Figure 3.2] reveals the typical intra-ligand (dab) 
transition at 332 nm, while ligand-to-metal charge transfer bands at 381 and 465 
nm and a d-d transition are observed at 680 nm. The spectrum for 2 [Figure 3.2] 
reveals the typical intra-ligand transition at 346 nm, while the ligand-to-metal 
charge transition bands are at 386 nm and 530 nm. 
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Figure 3.2: UV-Vis spectra of complexes 1 and 2. 
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3.3.4 Description of the structure of complex 1 
 
The complex is monomeric and neutral, and exhibits approximately octahedral 
coordination geometry. The structure is disordered, with 42% of the molecules 
having the free NH2 group above Cl(3), and 58% with NH2 above the Cl(2) atom 
[Figure 3.3]. The Re atom is displaced from the mean P(1)Cl(2)P(2)Cl(3) plane 
by 0.073(1)Ǻ towards N(1). The trans phosphorus donors are out of this 
equatorial plane by 0.05(1)Ǻ while the chloride ligands are out by -0.05(1)Ǻ. As a 
measure of the geometrical distortion, the metal is 1.44(2)Ǻ from the 
Cl(1)Cl(3)P(2) plane and -1.20(2)Ǻ from the N(1)P(1)Cl(2) plane, the angle 
between the two triangular faces being 10.9(1)º.  
 
 
Figure 3.3: ORTEP view of complex 1, showing 40% probability displacement 
ellipsoids and the atom labelling. Hydrogen atoms have been omitted for clarity. 
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The diaminobenzene ligand acts as a dianionic moiety; the Re-N(1)-C(1) bond 
angle [178.7(4)º] (see Table 3.6) emphasizes the linear coordination mode of the 
triply bonded phenylimido unit, and the Re-N(1) distance of 1.731(4)Ǻ agrees 
with the values found in other rhenium(V)-phenylimido octahedral complexes 
(1.726(6)Ǻ  in [Re(NPh)Cl3(PPh3)2],12 1.740(6)Ǻ in [Re(NPh)(OEt)(bpy)2)]2+  13 
and 1.709(8)Ǻ in [Re(NPh)(maltol)2(PPh3)2]+).14 
 
 
Figure 3.4: Packing diagram in the unit cell of 1, shown from the view normal to 
the x-axis. 
 
The phenylimido moiety is virtually perpendicular to the mean equatorial plane 
(dihedral angle of 89.6(1)º), and to minimize steric congestion around the metal 
atom, the ligand fits between two phenyl rings, so that the C(1)-C(6) ring centroid 
is 3.65(2)Ǻ from the C(19)-C(24)  centroid and 3.59(2)Ǻ from that of C(25)-C(30), 
and it makes a dihedral angle of 14.8º with the first phenyl and 13.7º with the 
second phenyl. In addition, an intramolecular hydrogen bond between N(2)H(2B) 
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and Cl(3) (2.652Ǻ), with the N(2)-H(2B)-Cl(3) angle equaling 135.1(1)º, 
consolidates the crystal packing [Figure 3.4]. Bond lengths and angles within the 
inner core show no unusual features, being within the range expected from the 
comparison of six-coordinated rhenium(V) complexes containing similar ligands. 
 
3.3.5 Description of the structure of complex 2 
 
The X-ray crystallographic analysis of 2 showed that two molecules of the 
compound exist in the asymmetric unit. These molecules have different 
orientations in the lattice, and are mirror images of each other with comparable 
bond lengths and angles, which do not differ by more than their estimated 
standard deviations.  
 
 
Figure 3.5: An ORTEP view of complex 2 showing 40 % probability displacement 
ellipsoids and the atom labelling. Hydrogen bonds have been omitted for clarity. 
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The complex is monomeric and neutral, and exhibits approximately octahedral 
coordination geometry [Figure 3.5]. The octahedron is distorted, with the Cl(2)-
Re-P(1) [94.76(5)°], Cl(2)-Re-P(2) [89.34(5)°], P(2)-Re-Cl(3) [90.64(5)°] and P(1)-
Re-Cl(3) [84.77(5)°] bond angles close to orthogonality (see Table 3.7). The Re 
atom is displaced from the mean P(1)Cl(2)P(2)Cl(3) equatorial plane by 
0.135(1)Ǻ towards N(1). This displacement leads to the nonorthogonal angles 
N(1)-Re-P(1)=95.4(2)°, N(1)-Re-P(2)=94.32(2)°, N1)-Re-Cl(2)=91.2(2)° and N(1)-
Re-Cl(3)=91.7(2)°. This distortion results in a nonlinear N(1)-Re-Cl(1) axis of 
177.8(2)°. The trans phosphorus donors are out of this equatorial plane by 
0.074(1)Ǻ, while the chloride ligands are out by -0.074(2)Ǻ. As a measure of the 
geometrical distortion, the metal in the coordination polyhedron is 1.466(1)Ǻ from 
the Cl(1)Cl(3)P(2) plane and -1.141(1)Ǻ from the N(1)P(1)Cl(2) plane, the angle 
between the two triangular faces being 7.83°.  
 
The imidodiphenylamino ligand acts as a dianionic moiety; the Re-N(1)-C(1) 
bond angle [178.7(4)°] emphasizes the linear coordination mode of the triply 
bonded phenylimido unit, and the Re-N(1) distance of 1.706(4)Ǻ agrees with the 
values found in other rhenium(V)-phenylimido octahedral complexes. The 
phenylimido moiety is virtually perpendicular to the mean equatorial plane 
[dihedral angle of 89.45(1)°], and to minimize steric congestion around the metal 
atom the ligand fits between two phenyl rings, so that the C(1)-C(6) ring centroid 
is 3.30(2)Ǻ from the C(13)-C(18) centroid and 3.57(2)Ǻ from that of C(31)-C(36), 
and it makes a dihedral angle of 19.89° with the first phenyl and 36.48° with the 
second phenyl. The C(7)-C(12) phenyl ring makes a dihedral angle of 22.12° with 
the C(31)-C(36) ring, and their ring centroids are separated by 3.109(2)Ǻ.  
 
In addition, intramolecular hydrogen-bonds between N(2)H(2) and Cl(3) 
[3.280(5)Ǻ], with the N(2)-H(2)-Cl(3) angle equaling 173.0(1)°, and between 
N(2)H(2) and N(1) [2.732(7)Ǻ] consolidate the crystal packing [Figure 3.6]. The 
bond lengths and angles within the inner core are within the range expected from 
the comparison of other six-coordinated rhenium(V) complexes containing similar 
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ligands. However, surprisingly, the Re-Cl(1) bond length [2.397(2)Ǻ] is shorter 
than the equatorial Re-Cl bonds [2.429(2)Ǻ average]. The C(2)-N(2)-C(7) bond 
angle [127.7(5)°] is considerably larger than the expected for a sp3-hybridized 
nitrogen atom, and is ascribed to structural and electronic effects involving the 
C(7)-C(12) and C(31)-C(36) phenyl rings.   
   
 
Figure 3.6: Packing diagram in the unit cell of 2, shown from the view normal to 
the x-axis. 
 
 
3.3.6 Cyclic voltammetry studies 
 
The cyclic voltammogram (CV) of complex 1 [Figure 3.7] shows both oxidative 
and reductive waves. The sweep to negative potentials shows a one-electron 
oxidation at E1/2 = +0.866 V (peaks 1 and 9) and another at E1/2 = +0.192 V 
(peaks 2 and 8). The former is ascribed to the oxidation from [Re(dab)Cl3(PPh3)2] 
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(d2) to [Re(dab)Cl3(PPh3)2]+ (d1), which is quasi-reversible, since the ratio of the 
anodic to cathodic peak current (ipa/ipc) approaches one (0.78). This indicates that 
the d1 species has a lifetime of at least a few seconds so that it can be reduced 
back in close to quantitative yields. Further evidence of reversibility is the peak-
to-peak separation of 60 mV. The oxidation at E1/2 = 0.192 V is assigned to the 
oxidation of the dab ligand to the sbqdi form [Figure 3.9]. In contrast, most of the 
reductions (peaks 3 to 7) from d2 to d3 are irreversible.   
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Figure 3.7: Voltammogram of complex 1. 
 
 
 
The coordinated dab2- ligand can also undergo various redox processes. For 
example, H2dab can be present in complexes as the 1,2-diamide dianion (dab), 
the 1,2-benzoquinone diimine radical monoanion (sbqi), or the neutral 1,2-
benzoquinone diimine (bqdi). These three forms are related by several one 
electron reduction steps [Figure 3.9].  
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The overlay voltammogram of the ligand (H2dab) and complex 1 [Figure 3.8] 
shows two irreversible processes of the ligand denoted as peak A1 in the anodic 
potential region and denoted as peak A2 in the cathodic potential region. None of 
the peaks of the ligand are present in complex 1. The other irreversible 
processes of the voltammogram of complex 1 could also be due to species that 
are formed as the ligand decoordinates.15,18 
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Figure 3.8: The overlay voltammogram of complex 1 and H2dab. 
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Figure 3.9: Redox processes of H2dab. 
 
 
The CV of 2 (Figure 3.10) shows only one one-electron oxidation at E1/2 = +1.062 
V (peaks 1 and 4), which is assigned to the conversion of the d2 to d1 species. 
The ipa/ipc ratio equals 1.0, with the peak-to-peak separation equal to 58 mV. 
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Figure 3.10: Voltammogram of complex 2.  
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The overlay voltammogram of complex 2 and ligand, 2-aminodiphenylamine 
[Figure 3.11], shows four irreversible processes of the ligand denoted as peaks 
B1 and B2 in the anodic potential region and denoted as two overlapping peaks 
B3 and B4 in the cathodic potential region. As mentioned for complex 1, the 
same trend is obtained; none of the peaks of the ligand are present in complex 2 
and it seems that the coordinated ligand did not undergo any redox processes. 
The other irreversible processes of the voltammogram of complex 2 could be due 
to species that are formed as the ligand dissociates from the complex.15,18 
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Figure 3.11: Overlay voltammogram of complex 2 and H2ada. 
 
 
A comparison of the electrochemical data shows that complex 1 is easier to 
oxidize than 2. However, the large difference of 0.196 V is surprising for the two 
complexes having the same donor atoms and geometry. This indicates that the 
dab2- imido ligand is more electron-donating than the ada2- (imido) ligand, which 
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seems logical if the withdrawing and inductive effects of the aminophenyl 
substituent are taken into account. 
 
 The Re≡N(1) and Re-Cl(1) bond distances also appear to follow with the d1-d2 
redox potentials. The more electron-poor the complex, in this case it is complex 
2, the shorter the bonds, which reflect the higher Lewis acidity. The Re≡N(1) 
bond length is 1.731(4) and 1.706(4)Ǻ respectively in 1 and 2, with the Re-Cl(1) 
length in 1 significantly longer (2.431(1)Ǻ) than in 2 (2.397(2)Ǻ). There is no 
observable trend in the cis equatorial ligands.  
   
3.3.7 Computational modelling studies 
 
The geometry of complexes 1 and 2 was optimized in a singlet state by the semi-
empirical method with the PM3 functional.22 The optimized parameters for 1 and 
2 are gathered in Tables 3.1 and 3.2 respectively. The calculated bond lengths 
and angles are in agreement with the values based upon the X-ray crystal 
structure data. 
 
Table 3.1: The experimental and optimized bond lengths (Ǻ) and angles (˚) for 1. 
 
 Experimental Optimized 
Re-N(1) 1.731 1.712      
Re-P(1) 2.498 2.472      
Re-P(2) 2.479 2.473      
Re-Cl(1) 2.431 2.329      
Re-Cl(2) 2.417 2.367      
Re-Cl(3) 2.415 2.374      
C(1)-N(1) 1.361 1.437      
C(2)-N(2) 1.293 1.423      
Chapter 3                                                                                                   I.N. Booysen 
 
Nelson Mandela Metropolitan University 48 
N(1)-Re-Cl(1) 176.9 179.04      
N(1)-Re-P(1) 91.0 98.09      
N(1)-Re-Cl(2) 92.9 97.22      
P(1)-Re-P(2) 177.37 166.88      
P(1)-Re-Cl(2) 88.58 82.68      
Re-N(1)-C(1) 178.7 177.87      
N(1)-Re-P(1) 90.0 98.09      
N(1)-Re-Cl(3) 91.7 95.97      
P(1)-Re-Cl(3) 92.55 89.56      
 
 
Table 3.2: The experimental and optimized bond lengths (Ǻ) and angles (˚) for 2. 
 
 Experimental Optimized 
Re-N(1) 1.706 1.713      
Re-P(1) 2.498 2.471      
Re-P(2) 2.487 2.475      
Re-Cl(1) 2.397 2.323      
Re-Cl(2) 2.438 2.372      
Re-Cl(3) 2.420 2.370      
C(1)-N(1) 1.387 1.438      
N(1)-Re-Cl(1) 177.8 178.06      
N(1)-Re-P(1) 95.4 95.92      
N(1)-Re-Cl(2) 91.2 94.82      
P(1)-Re-P(2) 169.40 165.45      
P(1)-Re-Cl(2) 94.76 89.91      
Re-N(1)-C(1) 178.7 178.94      
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N(1)-Re-P(2) 94.3 98.62      
Cl(2)-Re-Cl(3) 177.11 166.94      
P(1)-Re-Cl(3) 90.64 87.98      
 
 
 
Table 3.3 presents the atomic charges from the Natural Population Analysis for 
complexes 1 and 2. As was found previously in the literature,23,24 the calculated 
charges on the rhenium atoms are considerable lower than the formal +V charge. 
This is the result of significant charge donation from the imido ligand, chloride 
ions and triphenylphosphine molecules. Small differences in the values of charge 
can be noticed between the chloride ions in the trans position to the imido group 
and the two mutually trans Cl(2) and Cl(3) ligands.  
 
 
Table 3.3: Atomic charges for complexes 1 and 2. 
 
 
1 2 
Re 1.009 1.010 
N(1) -0.246 -0.258 
N(2) 0.111 0.078 
P(1) 0.967 0.962 
P(2) 0.966 0.960 
Cl(1) -0.523 -0.531 
Cl(2) -0.531 -0.529 
Cl(3) -0.536 -0.537 
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Table 3.4: Crystal data and structure refinement data for                                
trans-[Re(dab)Cl3(PPh3)2] (1). 
 
Chemical formula 
Formula weight 
Temperature(K) 
Crystal system 
Space group 
a(Å) 
b(Å) 
c(Å) 
Crystal size (mm) 
V(Å3) 
Z 
Density (calc.) (Mg/m3) 
Absorption coefficient (mm-1) 
θ range for data collection (deg) 
Index ranges 
Reflections measured 
Observed data [I>2.0σ(I)] 
Data/restraints/parameters 
Goodness-of-fit on F2 
R; wR2 
Largest diff. peak and hole (e/Å3) 
C42H36Cl3N2P2Re 
923.26 
200(2) 
Monoclinic 
P21/n 
11.9701(2) 
14.2472(2)     
21.7465(3) 
0.04 x 0.05 x 0.15 
3665.99(9) 
4 
1.673 
3.655 
3.2-27.5 
-15≤h≤15;-18≤k<18;-28≤ℓ≤28 
55982 
6213 
8420/0/461 
1.02 
0.0392; 0.0862 
2.37/-1.75 
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Table 3.5: Crystal data and structure refinement data for                                
trans-[Re(ada)Cl3(PPh3)2] (2).0.67CH2Cl2. 
 
Chemical formula 
Formula weight 
Temperature(K) 
Crystal system 
Space group 
a(Å) 
b(Å) 
c(Å) 
Crystal size (mm) 
V(Å3) 
Z 
Density (calc.) (Mg/m3) 
Absorption coefficient (mm-1) 
θ range for data collection (deg) 
Index ranges 
Reflections measured 
Data/restraints/parameters 
Goodness of fit on F2 
R; wR2 
Largest diff. peak and hole (e/Å3) 
C48H40Cl3N2P2Re.0.67CH2Cl2 
1055.9 
200(2) 
Orthorhombic 
Pna21 
33.8259(3) 
24.2755(2)     
10.9213(1) 
0.02 x 0.03 x 0.17 
8967.9(1) 
8 
1.564 
3.076 
3.2-24.1 
-38≤h≤38;-27≤k<27;-12≤ℓ≤12 
93235 
14046/0/1035 
1.03 
0.0305; 0.0645 
0.81/-0.54 
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Table 3.6: Selected bond lengths [Å] and bond angles [°] for                          
trans-[Re(dab)Cl3(PPh3)2] (1). 
 
Re-N(1) 
Re-Cl(2) 
Re-P(1) 
C(1)-N(1) 
C(1)-C(2) 
C(1)-C(6) 
C(2)-C(3) 
C(3)-C(4) 
C(4)-C(5) 
C(5)-C(6) 
1.731(4) 
2.417(1) 
2.498(1) 
1.361(6) 
1.385(9) 
1.402(9) 
1.385(13) 
1.404(13) 
1.366(12) 
1.353(9) 
 
Re-Cl(1) 
Re-Cl(3) 
Re-P(2) 
C(2)-N(2) 
P(1)-C(19) 
P(1)-C(13) 
P(1)-C(7) 
P(2)-C(37) 
C(37)-C(42) 
C(42)-C(41) 
2.431(1) 
2.415(1) 
2.479(1) 
1.293(11) 
1.821(5) 
1.832(4) 
1.828(4) 
1.828(5) 
1.382(6) 
1.394(6) 
N(1)-Re-Cl(1) 
N(1)-Re-P(1) 
N(1)-Re-Cl(2) 
P(1)-Re-P(2) 
P(1)-Re-Cl(2) 
N(2)-C(2)-C(1) 
N(2)-C(2)-C(3) 
Re-P(1)-C(19) 
Re-P(2)-C(37) 
176.9(1) 
91.0(1) 
92.9(1) 
177.37(4) 
88.58(4) 
121.4(6) 
119.4(7) 
106.41(15) 
120.63(15) 
 
Re-N(1)-C(1) 
N(1)-Re-P(2) 
N(1)-Re-Cl(3) 
Cl(2)-Re-Cl(3) 
P(2)-Re-Cl(3) 
N(1)-C(1)-C(6) 
N(1)-C(1)-C(2) 
Re-P(2)-C(31) 
Re-P(1)-C(7) 
178.7(4) 
90.0(1) 
93.0(2) 
173.86(4) 
92.55(4) 
119.57(5) 
120.33(5) 
117.01(15) 
115.56(17) 
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Table 3.7: Selected bond lengths [Å] and bond angles [°] for 
trans-[Re(ada)Cl3(PPh3)2] (2).0.67CH2Cl2. 
 
Re-N(1) 
Re-Cl(2) 
Re-P(1) 
C(1)-N(1) 
C(1)-C(2) 
C(2)-C(3) 
C(4)-C(3) 
C(7)-N(2) 
C(8)-C(9) 
C(10)-C(11) 
P(1)-C(19) 
C(19)-C(20) 
C(19)-C(24) 
C(20)-C(21) 
C(21)-C(22) 
 
1.706(4) 
2.438(2) 
2.498(1) 
1.387(7) 
1.411(7) 
1.411(9) 
1.375(9) 
1.395(8) 
1.386(10) 
1.335(14) 
1.837(7) 
1.366(9) 
1.390(9) 
1.411(9) 
1.351(12) 
 
Re-Cl(1) 
Re-Cl(3) 
Re-P(2) 
C(4)-C(5) 
C(5)-C(6) 
C(6)-C(1) 
C(7)-C(8) 
C(9)-C(10) 
C(11)-C(12) 
P(2)-C(31) 
C(32)-C(31) 
C(32)-C(33) 
C(33)-C(34) 
C(34)-C(35) 
C(35)-C(36) 
 
2.397(2) 
2.420(1) 
2.487(1) 
1.363(11) 
1.359(10) 
1.396(9) 
1.375(9) 
1.366(11) 
1.377(10) 
1.818(7) 
1.370(10) 
1.382(10) 
1.383(10) 
1.389910) 
1.376(9) 
 
N(1)-Re-Cl(1) 
N(1)-Re-P(1) 
N(1)-Re-Cl(2) 
P(1)-Re-P(2) 
P(1)-Re-Cl(2) 
N(2)-C(7)-C(12) 
N(2)-C(7)-C(8) 
 
177.8(2) 
95.4(1) 
91.2(2) 
169.40(5) 
94.76(5) 
118.34(5) 
123.23(6) 
Re-N(1)-C(1) 
N(1)-Re-P(2) 
N(1)-Re-Cl(3) 
Cl(2)-Re-Cl(3) 
P(2)-Re-Cl(3) 
C(2)-N(2)-C(7)  
Re-P(2)-C(43) 
178.7(4) 
94.3(2) 
91.7(2) 
177.11(5) 
90.64(5) 
127.70(5) 
110.22(18) 
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Chapter 4 
Coordination Mode of  
5,6-Diamino-1,3-Dimethyluracil 
to Rhenium(V) 
 
4.1 Introduction 
 
Due to the potential applications in radiotherapy,1 there is currently considerable 
interest in the coordination chemistry of rhenium, especially in its +V oxidation 
state, since it is easily obtained from the reduction of perrhenate and stabilized 
by a large variety of ligands. However, the most distinctive feature of Re(V) 
chemistry is the existence of a large number of stable complexes in which the 
metal forms multiple bonds to oxygen, nitrogen or sulfur. These complexes are 
mostly octahedral and contain one of the [ReO]3+, [ReO2]+, [Re2O3]4+, [ReN]2+, 
[Re=NR]3+ or [ReS]3+ moieties.2 These multiply-bonded donor atoms severely 
restrict the structure, geometry, reactivity and magnetic properties of Re(V) 
complexes.  
 
Re(V) complexes without oxo, nitrido, imido or sulfido groups are rare. The few 
examples in the literature [ReCl5, [ReX4(diars)2]+, [Re(HNSC6H4S)3]-, 
[ReH5(PPh3)2(py)] and its derivatives] were synthesized by either the reduction of 
Re(VI) and Re(VII) under extreme conditions.3,4,5 Only two examples found in the 
literature were prepared from the ligand substitution of a Re(V) compound, i.e. 
[ReH5(PPh3)3] 6 and [ReCl(PPh3)2L’2],7 which were made by treating trans-
[ReOCl3(PPh3)2] with LiAlH4 and 3-nitro-1,2-diaminobenzene (H2L’) respectively. 
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This chapter describes the complex [Re(ddd)(Hddd)I(PPh3)2](ReO4) (1), which 
was synthesized by the reaction of cis-[ReO2I(PPh3)2] with the uracil derivative 
5,6-diamino-1,3-dimethyl-2,4-dioxopyrimidine (H2ddd, Figure 4.1). The oxidative 
deamination of H2ddd by [ReO4]- to form 1,3,6,8-tetramethyl-2,4,5,7-
pyrimidopteridinetetrone (tppt, Figure 4.2) is also described.  
 
The pyrimidine ring forms a constituent of nucleic acids, antibiotics, coenzymes 
and vitamins, and its coordination properties are important in understanding the 
role of metal ions in biological systems.8    
 
N
N O
O
CH3
CH3
H2N
H2N
N
N O
O
CH3
CH3
HN
HN
H2ddd dpdi
-2H+, -2e
+2H+, +2e
 
Figure 4.1: Redox processes of 5,6-diamino-1,3-dimethyluracil. 
 
 
The interest in uracil (2,4-dioxo-pyrimidine) derivatives arises from their potential 
biological activity. For example, some fluoro derivatives have shown antitumour 
activity 9 and anti-inflammatory action.10 Uracil and its derivatives are known to 
bind to metal centres by using various combinations of their donor atoms, which 
make them versatile ligands.11-13 A crystal structure of H2ddd has shown that the 
two amino groups have two different conformations.14 The amino group in the 5-
position seems to be a true primary amino group with a strongly sp3-hybridized 
nitrogen, whereas the one at the 6 position is nearly coplanar with the uracil ring 
and displays a predominant sp2 character. Extrapolating from the properties of 
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H2dab, it should also be possible for H2ddd to be oxidized to the diimine form 
dpdi by metal centers [Figure 4.1].  
 
N
N
O
CH3
N
N O
O
CH3
CH3
N
N
O
H3C
 
Figure 4.2: Structure of 1,3,6,8-tetramethyl-2,4,5,7-pyrimidopteridinetetrone 
(tppt). 
 
 
4.2 Experimental 
 
4.2.1 Synthesis of 1.2H2O  
 
Equimolar quantities of cis-[ReO2I(PPh3)2] (100 mg, 115 µmol) and H2ddd (20 
mg) were added to acetonitrile (20 cm3), and the mixture was heated under reflux 
for 3h under nitrogen. After cooling to room temperature, the solution was filtered 
(no precipitate formed) and left to evaporate slowly at room temperature. After 
four days dark brown crystals were colleted by filtration, and they were washed 
with acetone and dried under vacuum. Yield = 56%, m.p. = 131 ˚C. Anal. Calcd. 
(%) for C48H47I3N8P2Re2O8.2H2O: C, 39.45; H, 3.52; N, 7.67. Found: C, 39.68; H, 
3.68; N, 7.97. IR (νmax/cm-1): ν(Re=N) 1119; ν(Re-N) 542. 1H NMR (295K, ppm): 
14.12 (1H, s, N(1)H); 11.74 (1H, s, N(1)H); 10.54 (1H, s, N(2)H); 9.32 (1H, s, 
N(5)H); 9.08 (1H, s, N(5)H); 7.41-7.69 (30H, m, 2xPPh3); 3.25 (3H, s, CH3); 3.13 
(3H, s, CH3); 3.10 (3H, s, CH3). Conductivity (DMF): 74 ohm-1cm2mol-1.  
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4.2.2 Synthesis of [C12H12N6O4] (2) 
 
Equimolar quantities of [NH4(ReO4)] (100 mg, 115 µmol) and H2ddd (20 mg, 117 
µmol) were added to methanol (20 cm3), and the mixture was heated under reflux 
for 3h under nitrogen. After cooling to room temperature, the solution was filtered 
(no precipitate formed) and left to evaporate slowly at room temperature. After 
four days pale yellow crystals were colleted by filtration, and they were washed 
with acetone and dried under vacuum. Yield = 85%, m.p. = 255 ˚C. Anal. Calcd. 
(%) for C12H12N6O4: C, 47.37; H, 3.98; N, 27.62. Found: C, 47.58; H, 3.89; N, 
27.93. IR (νmax/cm-1): ν(C=O) 1696, 1635; ν(C=N) 1542; δ(CH3) 1428 cm-1. 1H 
NMR (295K, ppm): 2.89 (s, 6H, C(9)H3, C(11)H3); 2.73 (s, 6H, C(10)H3, C(12)H3). 
  
4.2.3 X-ray crystallography 
 
Intensity data for 1.H2O and 2 were collected at 200(2)K on a Nonius Kappa 
CCD single-crystal diffractometer, using Mo Kα radiation. Unit cell and space 
group determinations were carried out in the usual manner.15 The structure was 
solved by direct methods and refined by full matrix least-squares procedures 
using SHELX-97.16 All non-hydrogen atoms were geometrically constrained. 
 
Crystal data and structure refinement details for 1 and 2 are given in Tables 4.5 
and 4.6, with selected bond distances and angles shown in Tables 4.7 and 4.8 
respectively.   
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4.3 Results and Discussion 
 
4.3.1  Synthesis and characterization of 1 
 
The reaction of cis-[ReO2I(PPh3)2] with 5,6-diamino-1,3-dimethyluracil (H2ddd) in 
acetonitrile under reflux gave the product [Re(ddd)(Hddd)I(PPh3)2](ReO4)(1) in 
good yield. Complex 1 could only be isolated in pure form by using equimolar 
amounts of reactants. With a twofold molar excess of H2ddd, or using solvents 
other than acetonitrile (like ethanol and chloroform), only mixtures of products 
were obtained. The reaction is described by the equation 
 
[ReO2I(PPh3)2] + 2H2ddd → [Re(ddd)(Hddd)I(PPh3)2]+ + OH- + H2O 
 
The formation of the perrhenate counterion is surprising, despite the use of the 
Re(V) starting material and the presence of PPh3, and it indicates that the 
reaction mechanism involves complex redox processes. Rhenium(V) complex 
cations with perrhenate as the counterion are known.17-19 
 
Complex 1 is air-stable and a 1:1 electrolyte in DMF. It dissolves in the polar 
solvents THF, acetonitrile, DMF and DMSO to give red-brown solutions that are 
stable for days.  
 
There are no peaks in the 890-1020 cm-1 region of the IR spectrum of 1, and the 
medium intensity band at 1119 cm-1 is assigned to ν(Re=N). Bands of medium 
intensity in the range 3250-3450 cm-1 [ν(N-H)] are indicative of the presence of 
amino and amido groups of ddd and Hddd. Only a single absorption, at 542 cm-1, 
could be ascribed to ν(Re-N). 
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4.3.2 Synthesis and characterization of  [C12H12N6O4] (2) 
 
The reaction of equimolar quantities of [NH4(ReO4)] with H2ddd in methanol 
under reflux led to the isolation of tppt (2) as only product. The simple heating of 
H2ddd without the presence of perrhenate led to no reaction and product 
formation. The [ReO4]- anion is therefore instrumental in the formation of 2, and 
since the product 2 contains no rhenium in any oxidation state, the conclusion is 
that [ReO4]- catalyses the oxidative deamination of H2ddd.  
 
Regarding the mechanism of the catalytic oxidation process of H2ddd, it has 
been shown that perrhenate reacts with 1,2-diaminobenzene (H2dab) to form the 
rhenium(VII) cationic complex [Re(dab)3]+, where dab is coordinated as the 
diamide. The H2dab molecule is readily oxidized by two electrons from the 
diamide dianion to the neutral benzoquinone-diimine. Applying this process on 
H2ddd, the following mechanism is proposed: 
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O
+ 2NH3
1,3-dimethyl-alloxan
 
 
The Schiff-base type condensation of the oxidation product 1,3-dimethyl-alloxan 
(dma) with unreacted H2ddd then gives 1,3,6,8-tetramethyl-2,4,5,7-
pyrimidopteridinetetrone (tppt) as product: 
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Interestingly, the product tppt contains the terminal pyrimidine rings in cis 
positions (see structure of tppt in paragraph 4.3.4). However, previous work has 
shown that the metal ions Au3+, Hg22+, Ag+ and Tl3+ also catalyze the oxidation of 
H2ddd, but then the product tppt contains a trans disposition of the terminal 
pyrimidine rings.20 
 
In the infrared spectrum of tppt there are two very strong absorption bands at 
1696 and 1653 cm-1, which correspond to the C=O stretching vibrations. Another 
strong peak at 1542 cm-1 is assigned to ν(C=N). The CH3 deformation vibrations 
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are assigned to the medium-intensity band at 1428 cm-1, as was suggested in the 
literature.21  
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Figure 4.3: IR spectra of complex 1 and compound 2. 
 
 
Two singlet peaks of equal intensity at 2.89 and 2.73 ppm in the 1H NMR 
spectrum of 2 are ascribed  to the protons of the C(9)H3/C(11)H3 and 
C(10)H3/C(12)H3 groups respectively. Compound 2 is soluble in a wide variety of 
solvents, including water, chloroform, acetonitrile, DMSO, DMF and 
dichloromethane.      
 
4.3.3 Description of the structure of complex 1 
 
The rhenium atom is at the centre of a distorted octahedral environment [Figure 
4.4]. The basal plane is defined by the iodide, two phosphorus atoms and the 
amido nitrogen N(2). The Re atom is 0.211Ǻ out of this mean plane towards 
Wavenumber (cm-1) 
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N(6). The doubly deprotonated imido nitrogen N(6) and neutral amino nitrogen 
N(1) are in trans axial positions, with N(5)H2 uncoordinated.  
 
The two triphenylphosphine ligands are coordinated to the metal centre trans to 
each other, with the P(1)-Re(1)-P(2) angle being practically linear at 178.22(6)˚. 
The average Re-P distance equals 2.473(2)Ǻ, which is significantly shorter than 
in the trans-biphosphine imido complex trans-[Re(map)(Hmap)I(PPh3)]+ 
(H2map=3-methyl-2-aminophenol),22 where the average distance is 2.496(1)Ǻ. 
Iodide is rarely found as a ligand in rhenium(V) complexes, and the Re-I distance 
of 2.7271(4) Ǻ falls in the observed range of 2.664(2) – 2.789(3)Ǻ.22 The iodide is 
coordinated trans to the amido nitrogen N(2) of Hddd, with which it makes an 
angle of 155.8 (2)˚. 
 
The ddd ligand acts as a monodentate dianionic moiety, with coordination 
through the doubly deprotonated imido nitrogen N(6) only. The Re(1)-N(6)-C(8) 
bond angle of 168.8(5)˚ illustrates an unusual significant deviation from linearity 
of the coordination mode of the triply bonded pyridylimido unit, and the Re(1)-
N(6) distance of 1.779(5)Ǻ falls well outside the range [1.72(1) – 1.74(1)Ǻ] 
normally found in other rhenium(V)-phenylimido octahedral complexes.22,23 The 
pyridylimido moiety forms a dihedral angle of 81.2˚ with the mean equatorial 
plane. The intraligand ddd bond distances show C(9)-O(3) [1.205(9)Ǻ] and 
C(10)-O(4) [1.20(1)Ǻ] double bonds, with the C(8)-C(9)-O(3) and N(8)-C(10)-O(4) 
bond angles equal to 124.2(6)˚ and 120.2(7)˚ respectively. Both the C(8)-N(6) 
and C(7)-N(5) distance are shorter than expected for C-N single bonds [1.305(8) 
and 1.311(9)Ǻ respectively]. The coordination of the imido nitrogen decreases 
the planarity of the ddd ring, with increased torsion angles, for example C(10)-
N(7)-C(9)-C(8)=7(1)˚ and C(7)-N(8)-C(10)-N(7)= -4(1)˚. In contrast, the torsion 
angles of the PPh3 phenyl rings are rarely bigger than 1.5˚. All the intraligand ring 
distances imply single bonds [C(8)-C(9)=1.461(9),  C(7)-N(8)=1.360(9), N(7)-
C(10)=1.37(1), N(7)-N(9)=1.40(1)Ǻ]. 
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Figure 4.4: ORTEP view of complex 1, showing 40% probability displacement 
ellipsoids and the atom labelling. Hydrogen atoms have been omitted for clarity. 
 
 
The Hddd ligand acts as a monoanionic bidentate chelate, with coordination 
through the neutral amino group N(1)H2 and the deprotonated amido group 
N(2)H. The N(1)-Re(1)-N(6) bond deviates from linearity [170.0(2)˚], and the bite 
angle [N(1)-Re(1)-N(2)] equals 74.0(2)˚. The Re(1)-N(1) bond length [2.184(5)Ǻ] 
is typical of rhenium(V)-amino distances, which normally occur in the range 
2.11(1) – 2.23(1)Ǻ. The Re(1)-N(2) bond length of 1.914(5)Ǻ falls within the 
range observed [1.91(1) - 2.01(1)Ǻ] for rhenium(V)-amide bonds.22-26 The ligand 
Hddd is thus present as an aminoamide. This coordination mode has previously 
been observed in the complex cis-[ReO2(Hdab)(py)2].27 There are also large 
differences in the Re-N-C bond angles [Re(1)-N(1)-C(1)=114.8(4), Re(1)-N(2)-
C(2)=123.5(4)˚]. The C-N bond distances are the same as in the ddd ligand 
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[C(1)-N(1)=1.29(1)Ǻ, C(2)-N(2)=1.29(1)Ǻ], and illustrate considerable double 
bond character, because of delocalization of the nitrogen’s π-lone pair in the ring. 
As is shown in Table 4.1, the molecules in the unit cell exhibit an extended 
network of intermolecular and non-classical hydrogen bonds (N − H ··· N, N − H 
··· O, and C − H ··· N, C − H ··· O, C − H ··· I bonds). The two water molecules of 
crystallization O(9) and O(10) are hydrogen-bonded to the free N(5)H2 group 
[N(5) − H5(A) ··· O(9) = 2.86(1)Ǻ] and to C(22)-H(22) [3.30(1)Ǻ] respectively 
[Figure 4.5].        
 
Table 4.1: Hydrogen-bonding geometry for 1.2H2O (Ǻ, deg). 
 
D H A D – H H···A D···A D – H···A 
N2 
N5 
N5 
N5 
C5 
C6 
C6 
C11 
C12 
C22 
C23 
C26 
C26 
H2 
H5A 
H5B 
H5B 
H5A 
H6A 
H6A 
H11A 
H12C 
H22 
H23 
H26 
H26 
N5 
O9H2 
N2 
N6 
O2 
N1 
I 
O3 
O4 
O10H2 
O4 
I 
O3 
0.88 
0.88 
0.88 
0.88 
0.98 
0.98 
0.98 
0.98 
0.98 
0.95 
0.95 
0.95 
0.95 
2.23 
2.00 
2.16 
2.44 
2.22 
2.45 
2.96 
2.26 
2.25 
2.39 
2.35 
3.03 
2.52 
3.02(1) 
2.86(1) 
3.03(1) 
2.75(1) 
2.69(1) 
2.88(1) 
3.87(1) 
2.72(1) 
2.70(1) 
3.30(1) 
3.22(1) 
3.48(1) 
3.30(1) 
149.0 
164.8 
168.5 
100.8 
107.8 
106.5 
154.8 
107.2 
106.7 
160.1 
151.4 
110.4 
139.8 
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Figure 4.5: PLATON view of complex 1,  showing the hydrogen-bonds. 
 
 
4.3.4 Description of structure of compound 2 
 
The X-ray crystal structure of tppt(2) is shown in Figure 4.6, together with the 
atom labelling scheme. The structure consists of centrosymmetric tricyclic rings, 
comprising a central pyrazine ring and two terminal pyrimidine rings. The 
pyrimidine and pyrazine rings are essentially planar, with maximum deviations 
from the calculated mean plane of 0.008Ǻ and 0.004Ǻ respectively. In the 
pyrimidine rings there are some steric interactions involving the exocyclic groups, 
as shown by the short C(9)····O(1),  O(1)····C(10), O(4)····C(11) and O(4)····C(12) 
contacts, which are 0.6Ǻ less than the sum of the van der Waals radii. Because 
of these steric interactions, the exocyclic groups deviate considerably from the 
pyrimidine mean plane. Deviations from the plane range from -0.166(1)Ǻ for C(9) 
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to 0.096(1)Ǻ for O(2). The dihedral angles between the pyrazine and pyrimidine 
rings are 1.08˚ and 1.20˚, indicating that the whole molecule is almost planar. 
The shortest intermolecular contact distance of 2.788(3)Ǻ [O(2)····C(1) (x, ½-y,    
-½+z)] indicates that only van der Waals forces are present between molecules. 
 
All the C-N bonds in the two pyrimidine rings are single, varying in the range 
1.365(3)Ǻ [N(2)-C(4)] to 1.397(3)Ǻ [N(1)-C(1)]. All the C-C bonds are also single. 
In the pyrazine, there is electron delocalization over the C-N-C parts of the ring, 
with the C-N bond lengths varying in the narrow range 1.325(3) - 1.336(3)Ǻ. 
 
The bond angles around the ketonic carbons, i.e. O(1)-C(1)-N(1) = 121.1(2)˚, 
O(2)-C(2)-N(1) = 121.7(2)˚, O(3)-C(7)-N(5) = 120.9(2)° and O(4)-C(8)-N(6) = 
121.3(2)˚ are indicative of the sp2 hybridization of these carbon atoms. The 
angular strain around the nitrogen atoms of the two pyrimidine rings is reflected 
in the C-N-C bond angles, which vary from 122.1(2)˚ to 125.4(2)˚. In the pyrazine 
ring, the bond angles C(4)-N(3)-C(5) = 115.9(2)˚ and C(3)-N(4)-C(6) = 117.1(2)˚ 
indicate sp2 hybridization of the nitrogens. 
 
The packing of the molecule in the unit cell is complemented by the strong 
intermolecular hydrogen-bonds C(10)-H(10C)····N(4) and C(12)-H(12C)····O(3) 
(see Table 4.2), in addition to another four intramolecular hydrogen-bonds.  
 
 
Table 4.2: Hydrogen-bonding geometry for 2 (Ǻ, deg). 
D H A D – H H···A D···A D – H···A 
C9 
C10 
C10 
C11 
C12 
C12 
H9A 
H10B 
H10C 
H11B 
H12B 
H12C 
O2 
O1 
N4 
O4 
O4 
O3 
0.98 
0.98 
0.98 
0.98 
0.98 
0.98 
2.30 
2.33 
2.56 
2.26 
2.27 
2.46 
2.743(3) 
2.719(3) 
3.386(3) 
2.713(3) 
2.714(3) 
3.252(3) 
106.1 
102.4 
141.4 
107.2 
106.5 
138.1 
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Figure 4.6: ORTEP view of compound 2, showing 40% probability displacement 
ellipsoids and the atom labelling. 
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4.3.5 Cyclic voltammetry studies 
 
The cyclic voltammogram (CV) of 1 [Figure 4.7] shows two irreversible processes 
in the anodic potential region and two irreversible processes in the cathodic 
potential region. 
 
-4
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0
1
2
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1
2
3
4
 
Figure 4.7: Cyclic voltammogram of complex 1. 
 
 
The irreversible processes denoted as peaks 1 and 4 are assigned to the redox 
couples Re(VI)/Re(VII)  at  Ep = -0.650 V,  and Re(V)/Re(VI) at Ep =  0.892 V 
respectively.  
 
The overlay CV [Figure 4.8] of 1 and 5,6-diamino-1,3-dimethyluracil shows an 
irreversible process of the free ligand denoted as peak A1 at Ep = 0.494 V in the 
anodic potential region. The ligand peak corresponds to the complex peak 3 
Cu
rre
n
t (1
0-
5 A
) 
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which indicates that the coordinated ligand did undergo a redox process. The 
other irreversible process of complex 1 could be due to species that are formed 
as the ligand around the metal center decoordinates.28,29 
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3
 
Figure 4.8:  Overlay CV of complex 1 and 5,6-diamino-1,3-dimethyluracil (H2ddd). 
 
 
 
To investigate the influence of the perrhenate as the counter-ion in 1, an overlay 
CV of ammonium perrhenate and complex 1 was generated [Figure 4.9]. This 
shows that the perrhenate peak denoted as peak B1 at Ep = -0.754 V correspond 
to peak 1 of the complex. Thus it can be concluded that the complex of peak 1 is 
due to the reduction process of the counter-ion in complex 1. 
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Figure 4.9:  Overlay CV of complex 1 and perrhenate. 
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4.3.6 Computational modelling studies 
 
The geometry of complex 1 was optimized in a singlet state by the semi-empirical 
method with the PM3 functional. The optimized parameters for 1 are gathered in 
Table 4.3. The calculated bond lengths and angles are in agreement with the 
experimental values found by the X-ray crystal structural data. 
 
 
Table 4.3: The experimental and optimized bond lengths (Ǻ) and angles (˚) for 1. 
 
 Experimental Optimized 
Re(1)-I 2.7271 2.712 
Re(1)-P(1) 2.474 2.527 
Re(1)-P(2) 2.473 2.531 
Re(1)-N(1) 2.184 2.231 
Re(1)-N(2) 1.914 2.006 
Re(1)-N(6) 1.779 1.724 
N(1)-Re(1)-N(6) 170.0 175.62 
N(6)-Re(1)-N(2) 96.7 99.68 
P(1)-Re(1)-P(2) 178.7 178.04 
I-Re(1)-N(2) 155.8 152.23 
 
 
 
Table 4.4 presents the atomic charges from the Natural Population Analysis for 
complex 1. The calculated charge in the rhenium atom centered in the 
octahedron is considerably lower than its formal +V charge. This is due to the 
significant charge donation from the imido moiety, aminoamide moiety, iodide ion 
and triphenylphosphine molecules. The amino nitrogen N(1) has a positive 
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calculated charge which was not expected. The positive charge of the N(1) atom 
could be ascribed to the fact that the cationic complex 1 is part of a crystal lattice 
with perrhenate as counter-ion and two water molecules, and those interactions 
were not taken into accounted during the computation.  
 
 
Table 4.4: Atomic charges for complexes 1. 
 
Re 0.965 
N(1) 0.301 
N(2) -0.380 
N(6) -0.252 
P(1) 0.872 
P(2) 0.881 
I -0.547 
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Table 4.5: Crystal data and structure refinement data for 
[Re(ddd)(Hddd)I(PPh3)2](ReO4).2H2O (1. 2H2O). 
 
Chemical formula 
Formula weight 
Temperature(K) 
Crystal system 
Space group 
Unit cell dimensions (Ǻ, ˚) 
 
 
 
 
 
Crystal size (mm) 
V(Å3) 
Z 
Density (calc.) (Mg/m3) 
Absorption coefficient (mm-1) 
θ range for data collection (deg) 
Index ranges 
Reflections measured 
Independent/observed reflections 
Data//parameters 
Goodness-of-fit on F2 
R; wR2 
Largest diff. peak and hole (e/Å3) 
C48H47I3N8P2Re2O8.2H2O 
1461.23 
200(2) 
Triclinic 
P1 
a = 12.2044(3) 
b = 13.13922(2) 
c = 17.4866(4) 
α = 103.030(1) 
β = 93.661(1) 
γ = 95.977(1) 
0.03 x 0.06 x 0.14 
2706.09(1) 
2 
1.788 
5.160 
3.2-27.6 
-15≤h≤15;-16≤k<17;-22≤ℓ≤22 
23575 
12408/9458 
12408/639 
1.03 
0.0492; 0.1337 
2.13/ -4.69 
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Table 4.6: Crystal data and structure refinement data for 2. 
 
Chemical formula 
Formula weight 
Temperature(K) 
Crystal system 
Space group 
Unit cell dimensions (Ǻ, ˚) 
 
 
 
 
 
Crystal size (mm) 
V(Å3) 
Z 
Density (calc.) (Mg/m3) 
Absorption coefficient (mm-1) 
θ range for data collection (deg) 
Index ranges 
Reflections measured 
Independent/observed reflections 
Data/parameters 
Goodness-of-fit on F2 
R; wR2 
Largest diff. peak and hole (e/Å3) 
C12H12N62O4 
304.26 
200(2) 
Monoclinic 
P21/c 
a = 12.1393(5) 
b = 13.2545(5) 
c = 8.0862(3) 
α = 90(1) 
β = 103.642(2) 
γ = 90(1) 
0.05 x 0.13 x 0.13 
1264.37(9) 
4 
1.599 
0.124 
3.2-27.5 
-15≤h≤15;-16≤k<17;-10≤ℓ≤10 
5601 
2881/1579 
2881/203 
1.01 
0.0591; 0.1684 
0.27/-0.27 
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Table 4.7: Selected bond lengths [Å] and bond angles [°] for 1. 
 
Re(1)-N(1) 
Re(1)-N(6) 
Re(1)-P(1) 
N(6)-C(8) 
N(5)-C(7) 
C(1)-N(4) 
C(7)-N(8) 
C(3)-O(1) 
C(9)-O(3) 
C(1)-C(2) 
 
2.184(5) 
1.779(5) 
2.474(2) 
1.305(8) 
1.311(9) 
1.356(9) 
1.360(9) 
1.215(9) 
1.205(9) 
1.43(1) 
Re(1)-N(2) 
Re(1)-I 
Re(1)-P(2) 
N(1)-C(1) 
N(2)-C(2) 
C(3)-N(3) 
N(7)-C(9) 
C(4)-O(2) 
C(10)-O(4) 
C(7)-C(8) 
1.914(5) 
2.7271(4) 
2.473(2) 
1.27(1) 
1.294(9) 
1.38(1) 
1.40(1) 
1.21(1) 
1.20(1) 
1.422(9) 
 
N(1)-Re(1)-N(6) 
I-Re(1)-N(2) 
N(6)-Re(1)-N(2) 
N(6)-Re(1)-I 
Re(1)-N(6)-C(8) 
N(3)-C(4)-O(2) 
 
 
170.0(2) 
155.8(2) 
96.7 (2) 
107.7(2) 
168.8(5) 
121.0(8) 
 
P(1)-Re(1)-P(2) 
N(6)-Re(1)-P(1) 
N(6)-Re(1)-P(2) 
Re(1)-N(1)-C(1) 
N(1)-Re(1)-N(2) 
C(3)-N(3)-C(4) 
 
178.7(4) 
87.9(2) 
90.5(2) 
114.8(4) 
74.0(2) 
125.5(7) 
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Table 4.8: Selected bond lengths [Å] and bond angles [°] for 2. 
 
O(1)-C(1) 
O(2)-C(2) 
O(3)-C(7) 
O(4)-C(8) 
N(1)-C(1) 
N(1)-C(2) 
N(1)-C(9) 
N(2)-C(1) 
N(2)-C(4) 
N(2)-C(10) 
N(3)-C(4) 
N(3)-C(5) 
 
1.208(3) 
1.219(3) 
1.223(3) 
1.205(3) 
1.397(3) 
1.384(3) 
1.472(3) 
1.387(3) 
1.365(3) 
1.480(3) 
1.334(3) 
1.334(3) 
 
N(5)-C(7) 
N(5)-C(8) 
N(5)-C(11) 
N(6)-C(5) 
N(6)-C(8) 
N(6)-C(12) 
C(2)-C(3) 
C(3)-C(4) 
C(5)-C(6) 
C(6)-C(7) 
N(4)-C(3) 
N(4)-C(6) 
 
1.386(3) 
1.397(3) 
1.459(3) 
1.372(3) 
1.388(3) 
1.472(3) 
1.463(3) 
1.408(3) 
1.405(3) 
1.467(3) 
1.336(3) 
1.325(3) 
 
C(1)-N(1)-C(2) 
C(1)-N(1)-C(9) 
C(2)-N(1)-C(9) 
C(1)-N(2)-C(4) 
C(2)-N(1)-C(10) 
C(4)-N(2)-C(10) 
C(4)-N(3)-C(5) 
C(3)-N(4)-C(6) 
C(7)-N(5)-C(8) 
C(7)-N(5)-C(11) 
C(8)-N(5)-C(11) 
C(5)-N(6)-C(8) 
 
125.4(2) 
116.06(18) 
118.49(18) 
122.43(19) 
117.28(18) 
120.3(2) 
115.88(19) 
117.13(19) 
125.29(19) 
117.23(18) 
117.4(2) 
122.13(19) 
 
C(5)-N(6)-C(12) 
C(8)-N(6)-C(12) 
O(1)-C(1)-N(1) 
O(1)-C(1)-N(2) 
N(1-C(1)-N(2) 
O(2)-C(2)-N(1) 
O(2)-C(2)-C(3) 
N(1)-C(2)-C(3) 
N(4)-C(3)-C(2) 
N(4)-C(3)-C(4) 
O(4)-C(8)-N(5) 
N(2)-C(4)-C(3) 
120.00(18) 
117.74(19) 
121.1(2) 
121.7(2) 
117.1(2) 
121.7(2) 
123.8(2) 
114.4(2) 
118.0(2) 
121.2(2) 
121.5(2) 
119.7(2) 
Chapter 4                                                                                                   I.N. Booysen 
 
Nelson Mandela Metropolitan University 81 
4.4 References 
 
1. M. Nicolini, U. Mazzi, Technetium, Rhenium and Other Metals in 
Chemistry and Nuclear Medicine, Servizi Grafici Editorial, Pedova, 1999, 
5. 
 
2. G. Rouschias, Chem. Rev., 1974, 74, 531.  
 
3. J.C. Chatt, R.S. Butfey, J. Chem. Soc. A, 1969, 1963; J.K. Gardner, N. 
Pariyadath, J.L. Cubin, E.I. Steifel, Inorg. Chem., 1978, 17, 897. 
 
4. J.E. Ferguson, Coord. Chem. Rev., 1966, 1, 459. 
 
5. J.A. Chatt, A.A. Diamantis, G.A. Heath, N.E. Cooper, G.J. Reigh, J. Chem. 
Soc., Dalton Trans., 1977, 688. 
 
6. H.D. Kaesz, R.B. Sailiant, Chem. Rev., 1972, 72, 231. 
 
7. G. Bandoli, A. Dolmella, T.I.A. Gerber, J. Perils, J.G.H. du Preez, Inorg. 
Chim. Acta, 2000, 24, 303. 
 
8. J.R.J. Sorenson, Metal Ions in Biological Systems, Marcel Dekker, New 
York, 1976, 14. 
 
9. S. Hibino, Cancer Chemotherapy Rep., 1961, 13, 141.  
 
10. Y. Inoue, M. Isobe, T. Shiohara, H. Hayashi, Int. Arch. Allergy. Immun., 
2003, 131, 143.  
 
11. R. Kivekas, E. Colacio, J. Ruiz, J.D. Lopez-Gonzalez, P. Leon, Inorg. 
Chim. Acta, 1989, 159, 103. 
Chapter 4                                                                                                   I.N. Booysen 
 
Nelson Mandela Metropolitan University 82 
 
12. M.A. Romero, M.N. Moreno, J. Ruiz, M.P. Sanchez, F. Nieto, Inorg. 
Chem., 1986, 25, 1498. 
 
13. M.I. Arriotua, J.L. Pitarra, J. Ruiz, J.M.  Moreno, E. Colacio, Inorg. Chim. 
Acta, 1995, 231, 103.  
 
14. F. Hueso-Urena, M.N. Moreno-Carretero, J.N. Low, A.G. Masteron, J. Mol. 
Struct., 1997, 435, 133. 
 
15. G.M. Sheldrick, Acta Cryst., 1990, A46, 467. 
 
16. G.M. Sheldrick, SHELXL-97: Program of Refinement of Crystal Structures, 
University of Göttingen, Germany, 1997.  
 
17. T.I.A. Gerber, E. Hosten, P. Mayer, Z.R. Tshentu, J. Coord. Chem., 2006, 
59, 243. 
 
18. G. Ciani, A. Sironi, T. Beringhelli, G.D. ‘Alfonso, M. Freni, Inorg. Chim. 
Acta, 1986, 113, 61. 
 
19. T.I.A. Gerber, Z.R. Tshentu, P. Mayer, J. Coord. Chem., 2003, 16, 1357. 
 
20. A. Romeresa, E. Colacio, J. Suàrez-Varela, J.C. Avila-Rosón, M.A. 
Hidalgo, J. Romero-Garzón, Acta Cryst., 1995, C51, 1005. 
 
21. M.M. Al-Arab, G.A. Hamilton, J. Am. Chem. Soc., 1986, 108, 5972. 
 
22. T.I.A. Gerber, D. Luzipo, P. Mayer, Inorg. Chim. Acta, 2004, 357, 429. 
 
Chapter 4                                                                                                   I.N. Booysen 
 
Nelson Mandela Metropolitan University 83 
23. F. Refosco, F. Tisato, C. Bolzati, G. Bandoli, J. Chem. Soc., Dalton 
Trans.,1993, 605 and references therein. 
 
24. T.I.A. Gerber, D. Luzipo, P. Mayer, J. Coord. Chem., 2004, 57, 1345. 
 
25. T.I.A. Gerber, D. Luzipo, P. Mayer, J. Coord. Chem., 2004, 57, 1419. 
 
26. L. Wei, J.W. Babich, J. Zubieta, Inorg. Chem., 2004, 43, 6445. 
 
27. G. Bandoli, A. Dolmella, T.I.A. Gerber, D. Luzipo, J.G.H. du Preez, J. 
Coord. Chem., 2003, 56, 1049. 
 
28. L.A. Bottomley, P.E. Wojcrechowski, G.N. Helder, Inorg. Chim. Acta, 
1997, 255, 149.  
 
29. M.F. Cerda, G. Orbal, E. Mendez, C.F. Zinola, C. Kremer, M.E. Martins, 
A.M. Castro-Luna, J. Coll. Interf. Sc., 2001, 236, 104. 
 
 
 
Chapter 5                                                                                                   I.N. Booysen 
 
Nelson Mandela Metropolitan University 84 
Chapter 5 
A Trigonal-Bipyramidal Oxorhenium(V) 
Complex with a Bidentate Nitrogen-Donor 
Ligand 
 
 
5.1 Introduction 
 
Since the first arylimido rhenium(V) complex [Re(NPh)Cl3(PEt2Ph)2] was 
synthesized using aniline as the source of the imido ligand,1 many analogous 
complexes have been reported.2 In complexes with such monodentate arylimido 
ligands, the coordinated nitrogen atom is fully deprotonated and very short Re-
N(imido) distances are observed. On the other hand, rhenium(V) complexes with 
polydentate arylimido ligands are still rare. For example, it was shown that the 
potentially bidentate ambidentate ligand 2,3-diaminophenol (H2dap) reacts with 
trans-[ReOCl3(PPh3)2] in ethanol to form the rhenium(V)-imido complex trans-
[Re(dap)Cl3(PPh3)2], in which dap is coordinated monodentately via the doubly 
deprotonated nitrogen in the 2-position.3 
 
However, 2-aminophenol (H2ap) acts only as a monoanionic bidentate N,O-donor 
in [ReOCl2(Hap)(PPh3)].4 With 2-amino-3-methylphenol (H2amp), the complex 
[Re(amp)(Hamp)I(PPh3)2]I was isolated. Here amp is coordinated through the 
doubly deprotonated nitrogen only, and Hamp acts as a dianionic N,O-donor.5 
However, the reaction of the potential N,O-donor ligand 2-amino-3-methylbenzoic 
acid (H3amb) with cis-[ReO2I(PPh3)2] in ethanol led to the isolation of the six-
coordinate [Re(amb)(OEt)I(PPh3)2], in which the trianionic ligand amb acts as a 
bidentate chelate via the doubly deprotonated amino nitrogen and the 
deprotonated acetoxy oxygen.6 This product was therefore an example of a 
bidentate imido ligand. Another such example is the complex [Re(imq)Cl3(PPh3)], 
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which was formed by the reaction of trans-[ReOCl3(PPh3)2] with 8-aminoquinoline 
(H2imq), and in which imq acts as a bidentate via the imido and pyridyl nitrogen.7 
However, if the metal:ligand ratio is increased to above two in the latter reaction, 
the complex [ReOCl2(Himq)(PPh3)] was isolated, in which Himq acts as a 
bidentate monoanionic chelate via an amido nitrogen and the neutral pyridyl 
nitrogen.8    
 
In an effort to synthesize a rhenium(V) complex contaning two bidentate imido-
coordinated ligands, the reaction of trans-[ReO2(py)4]Cl with 2-(2-aminophenyl)-
1H-benzimidazole (H2apb) was investigated. 
 
N
N
H
H2N
 
Figure 5.1: 2-(2-Aminophenyl)-1H-benzimidazole (H2apb) 
 
 
The expectation was that H2apb would behave as a ligand to rhenium(V) very 
similar to 8-aminoquinoline (H2imq), and that the two trans oxo-groups would be 
replaced by two trans-imido nitrogens. However, its behaviour  was very 
different, and the complex with the formulation [ReO(Hapb)(apb)] (1) was 
produced, in which the metal is coordinated to two bidentate chelates supplying 
1½  negative charges each. The complex also has the unusual (for Re(V)) 
trigonal-bipyramidal geometry. Five-coordinate oxorhenium(V) complexes are 
usually of the square-pyramidal type. 
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5.2 Experimental 
 
5.2.1 Synthesis  
 
Trans-[ReO2(py)4]Cl  (100 mg, 0.175 mmol) and H2apb (73 mg, 0.350 mmol) 
were added to ethanol (20 cm3), and the mixture was heated under reflux. After 
10 minutes, the solution changed colour from yellow to green. Heating was 
continued for another 50 minutes, and then the mixture was cooled to room 
temperature. The green precipitate that was formed was filtered off, and it was 
washed with ethanol and diethyl ether, and dried under vacuum. Recrystallization 
was from a 2:1 (v/v) mixture of tetrahydrofuran:ethanol. Yield = 0.079 g (73%), 
m.p. > 340˚C. Anal. Calcd. for C26H19N6ORe (%): C, 25.28; H, 3.10; N, 13.61. 
Found: C, 25.42; H, 3.11; N, 13.89. IR(νmax/cm-1): ν(Re=O) 970; ν(N-H) 3106, 
3049; ν(Re-N) 475, 418 cm-1. 1H NMR (295K,ppm): 14.89 (br s, 1H, N(3)H); 
11.56 (s, 2H, N(1)H); 8.42 (d, 2H, H2); 7.94 (d, 2H, H13, H10); 7.70 (t, 2H, H4); 
7.58 (t, 2H, H11); 7.47 (t, 2H, H4); 7.21-7.17 (m, 4H, H5, H12). Conductivity (10-3 
M, DMF) = 15 ohm-1 cm2 mol-1.   
 
5.2.2 X-ray crystallography 
 
Single crystals of 1 were used for data collection on a Nonius Kappa CCD 
diffractometer with graphite-monochromated Mo Kα (λ=0.71073Ǻ) radiation. The 
unit-cell dimensions were determined by a least-squares refinement of 25 
reflections. The intensity data were collected by the ω-2θ scan technique up to 
27.5˚ at 200K. The intensities were corrected for Lorentz and polarization. An 
empirical absorption correction based on a series of ψ scans was applied. The 
crystal data and experimental parameters are listed in Table 5.1. The positions of 
the non-hydrogen atoms were determined by a direct method (SIR92).9 The 
structure was refined by full-matrix least-squares techniques using anisotropic 
thermal parameters for non-hydrogen atoms. All hydrogen atoms were included 
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in the refinement but restrained to ride on the atoms (C-H=N-H=0.95Ǻ, 
U(H)=1.2U(C,N)). All of the calculations were performed using SHELXL-97.10 
 
5.3   Results and Discussion  
 
5.3.1 Synthesis of [ReO(Hapb)(apb)] (1) 
 
The ligand H2apb was synthesized by the condensation of 2-aminobenzoic acid 
and 1,2-diaminobenzene in a 6M hydrochloric acid solution. The ligand offers 
interesting possibilities as a chelate; the amino group can remain as a neutral 
group, as a mono-deprotonated amide or as a doubly deprotonated imide in a 
metal complex, whereas the imidazole group can coordinate via the neutral imine 
or deprotonated amino nitrogen. 
 
The reaction of a twofold molar excess of H2apb with trans-[ReO2(py)4]Cl in 
ethanol gave the green product of formulation  [ReO(Hapb)(apb)] (1) in good 
yield. The reaction is given by the equation: 
 
[ReO2(py)4]Cl + 2H2apb → 1 + 4py + H2O + HCl 
 
Attempts were also made to prepare other rhenium(V) complexes with H2apb as 
ligand, by using the complexes trans-[ReOCl3(PPh3)2] and (n-Bu4N)[ReOCl4] as 
starting materials in ethanol as solvent. With the former starting material only 
[ReOCl2(OEt)(PPh3)2] was isolated, and with the latter a complex of formulation 
[ReOCl(Hapb)2] was obtained. However, an X-ray crystal structure analysis was 
not possible since its crystals gave no reflections. 
 
Complex 1 is soluble in a wide variety of solvents, including acetone, acetonitrile, 
dichloromethane, DMF and DMSO, but is insoluble in water, alcohols and 
benzene. It is stable for months in the solid state, and for days in solution. 
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 5.3.2 Spectral characterization 
 
The dominant feature of the infrared spectrum of 1 [Figure 5.2] is the presence of 
an intense absorption at 970 cm-1, which is ascribed to the asymmetric Re=O 
stretching mode. Distorted octahedral monooxorhenium(V) complexes 4,8,11-16 
typically have the ν(Re=O) in the range 945 - 965 cm-1. The ν(C=N) of the 
imidazole rings occur at 1609 cm-1, and N-H stretches are indicated by medium 
intensity peaks at 3049 and 3106 cm-1. Two medium intensity absorptions at 418 
and 475 cm-1 are indicative of ν(Re-N). 
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Figure 5.2: IR spectrum of [ReO(Hapb)(apb)] (1). 
 
 
 
The 1H NMR spectrum [Figure 5.3] of 1 shows sharp and clear peaks, and is 
typical of the diamagnetic nature of the d2 system. The peak the furthest 
Wavenumber (cm-1) 
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downfield at 14.89 ppm is assigned to the proton on N(3) that is involved in 
hydrogen-bonding (see paragraph 5.3.3), and the sharp two-proton singlet at 
11.56 ppm is ascribed to the protons on the amide nitrogens N(1) and N(1_6). 
The aromatic region integrates for 16 protons, as is required for the phenyl 
protons of two Hapb and apb chelates (see assignments in paragraph 5.2.1).    
 
 
 
Figure 5.3: 1H NMR spectrum of [ReO(Hapb)(apb)] (1) in the range 7.20-8.65 
ppm. 
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5.3.3 Structure of [ReO(Hapb)(apb)] (1) 
 
A representation of the X-ray crystal structure of 1 is shown in Figure 5.4, and 
pertinent crystallographic data are summarized in Table 5.1.  
 
 
Figure 5.4: ORTEP view of complex 1, showing 40% probability displacement 
ellipsoids and the atom labelling. Hydrogen atoms have been omitted for clarity.  
 
 
The rhenium atom lies in a distorted trigonal-bipyramidal environment. The two 
imidazole N(2) atoms lie in the apical positions trans to each other, with the oxo-
oxygen and two amido N(1) atoms in the trigonal plane. The complex has C2-
symmetry. The two amino groups are singly deprotonated and provide a negative 
charge each, so that they are coordinated as amides. The oxo group provides 
two negative charges. In order to obtain electroneutrality for the rhenium(V) 
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complex, one more negative charge is needed in the molecule. Nitrogen N(3) 
makes an intermolecular hydrogen-bond to N(3) of another molecule of 1 
[2.814(5)Ǻ] [Figure 5.5], which means that the hydrogen site bound to N(3) 
cannot have the site occupation factor of 1, but the factor must be 0.5. So 
formally there are two N(3) half negative charges in 1. In practice, however, one 
H2apb is doubly deprotonated and the other is singly deprotonated  at N(1).    
 
 
Figure 5.5: View of complex 1, showing the intermolecular hydrogen-bond in blue 
broken line.  
 
 
Distortion from an ideal rhenium-centered trigonal-pyramid mainly results in a 
non-linear N(2)-Re-N(2_6) axis of 160.7(1)˚, accomplished by O-Re-N(1) = 
119.7(2)°, O-Re-N(1_6) = 119.7(2)˚ and N(1)-Re-N(1_6) = 120.6(2)˚. 
Furthermore, the angles N(2)-Re-O [99.6(2)˚], N(2)-Re-N(1) [85.6(2)˚] and N(2)-
Re-N(1_6) [84.9(2)˚] deviate considerably from linearity. The bite angle [N(1)-Re-
N(2)] of the chelates is 85.6(2)˚. The C(1)-C(6) phenyl and imidazole rings are 
not coplanar, with a dihedral angle of 16.37˚ between their least-squares planes. 
Both the imidazole and phenyl rings are planar, as expected. The C-C-N angles 
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at the ring junctions deviate considerably from 120˚ [C(1)-C(6)-C(7) = 122.5(3)˚, 
N(2)-C(7)-C(6) = 123.3(4)˚], and the rhenium atom lies about 10˚ off the lone pair 
direction on the N(2) nitrogens [Re-N(2)-C(7) = 129.6(3)˚]. 
 
The Re=O bond distance of 1.663(4)Ǻ (see Table 5.2) is shorter than those 
observed in octahedral monooxorhenium(V) complexes, which normally occurs in 
the range 1.68 – 1.72Ǻ.11 The Re-N(1) length of 1.947(4)Ǻ confirms that the N(1) 
atoms are present as amides, since Re(V)-NH2 bond distances vary in the range 
2.10-2.22Ǻ.4,12 The Re-N(2) bond [2.060(4)Ǻ] is slightly shorter than those of 
neutral imidazole ring nitrogen-to-rhenium(V) bonds [2.081(4) – 2.122(5)Ǻ 
range].13,14 However, in benzimidazole rhenium(V) complexes, the Re-N (neutral 
imidazole) bond distance varies around 2.14Ǻ, but the Re-N- (imidazole) length 
equals 2.072(4)Ǻ.15 This results intimates that the imidazole N(2) nitrogens 
supply some negative charge to the rhenium(V) center. 
 
The average C-C bond length [1.389(8)Ǻ] in the C(1)-C(6) phenyl ring is identical 
to that of the C(8)-C(13) ring [1.388(8)Ǻ]. In the imidazole ring, the N(2)-C(7) 
[1.369(5)Ǻ] and N(3)-C(7) [1.332(6)Ǻ] bonds are localized single and double 
bonds respectively, again implying a negative charge located on N(2). 
 
Trigonal-bipyramidal complexes of monooxorhenium(V) are rare in the literature, 
while they are more common for rhenium(III).16 The complexes 
[ReO{EtN(CH2CH2S)2}{o-MeOC6H4N(CH2CH2)2NCH2CH2S} and [ReO{o-
MeOC6H4N(CH2CH2)2N(CH2)3N(CH2CH2S)2} {PhCH2CH2S}, which contain the 
“3+1” ligand system [SN(R)S/S combination] have distorted trigonal-bipyrimidal 
geometries.17 Trigonal-bipyramidal oxorhenium(V) complexes were also 
prepared with tetradentate NS3-donor ligands.18 
 
Complexes of rhenium(V) of the type [(µ-O){ReOCl2(L)}2] (L=2-(1-
ethylaminomethyl)-1-methylimidazole and derivatives), containing the bidentate 
chelates L with an imidazole nitrogen and a secondary amino nitrogen as donor 
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atoms, were synthesized by the reaction of trans-[ReOCl3(PPh3)2] and L in 
acetone.13 The octahedral complex [ReOCl3(pimMe)]  was prepared from the 
reduction of [ReO4]- with PPh3 in the presence of pimMe [2-(2’-pyridyl-1-
methylimidazole] and hydrochloric acid in acetic acid.19  
 
5.3.4 Cyclic voltammetry studies 
 
The cyclic voltammogram of 1 [Figure 5.6] shows two irreversible processes in 
the anodic potential region. 
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Figure 5.6: Cyclic voltammogram of complex 1. 
 
 
The irreversible processes denoted as peaks 1 and 2 are assigned to the redox 
couples Re(III)/Re(IV)  at  Ep = 0.561 V ,  and Re(V)/Re(VI) at Ep =  0.807 V 
respectively.20,21  
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The overlay CV [Figure 5.7] of 1 and 2-(2-aminophenyl)-1H-benzimidazole shows 
an irreversible oxidation process of the free ligand denoted as peak A1 at Ep = 
1.065 V in anodic potential region. None of the complex peaks corresponded to 
peak A1, and it can be concluded that the coordinated ligand did not undergo any 
redox processes.  
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Figure 5.7:  Overlay CV of complex 1 and 2-(2-aminophenyl)-1H-benzimidazole 
(H2apb). 
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5.3.5 Computational modeling studies 
 
The geometry of 1 was optimized in a singlet state by the semi-empirical method 
with the PM3 functional [Figure 5.8].22 
 
 
Figure 5.8: A computer model of complex 1. 
 
 
The optimized parameters are gathered in Tables 5.1 and 5.2. The optimized 
bond lengths and angles do not agree well with the experimental values for 1. 
This is ascribed to the fact that hydrogen-bonding could not be taken into 
account, because during the calculation the molecule 1 is treated as an isolated 
molecule in the gas phase. The absence of hydrogen-bonding also contributes to 
the asymmetry of the 1, which can be clearly shown where the Re-NH (amide) 
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bonds in the X-ray crystal structure are equal, but not in the computational 
model. The same trend is also applicable to other bonds. 
 
 
Table 5.1: The experimental and optimized bond lengths (Ǻ) and angles (˚) for 1. 
 
 Experimental Optimized 
Re-N(1)  1.947 2.008 
Re-N(1_6) 1.947 1.973 
Re-N(2) 2.060 2.144 
Re-N(2_6) 2.061 2.038 
Re-O 1.663 1.718 
N(2_6)-C(7_6) 1.369 1.440 
N(2)-C(7) 1.369 1.386 
N(2)-Re-N(2_6) 160.7 157.31 
N(1)-Re-N(1_6) 120.6 114.97 
O-Re-N(1) 119.7 126.48 
O-Re-N(2) 99.6 100.43 
O-Re-N(1_6) 119.7 118.50 
O-Re-N(2_6) 99.6 102.24 
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Table 5.2 presents the atomic charges from the Natural Population Analysis for 
complex 1. As found for all rhenium(V) complexes, the calculated charge is much 
smaller to the formal (+V) charge. This is the result of significant charge donation 
from the benzimidazole ligands and the oxo oxygen. The asymmetry of the 
computational model can also be seen in the calculated charges of the atoms 
bound to the rhenium metal. The N(2) charge and N(2_6) have considerable 
differences in charge, which supports the formulation of the complex, with the 
two ligands Hapb and apb providing one and two negative charges respectively.  
 
Table 5.2: Atomic charges for complexes 1. 
 
Re 1.137 
N(1) -0.283 
N(1_6) -0.250 
N(2) -0.003 
N(2_6) -0.128 
O -0.511 
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Table 5.3: Crystal data and structure refinement data for 1. 
 
Chemical formula 
Formula weight 
Temperature(K) 
Crystal system 
Space group 
Unit cell dimensions (Ǻ, ˚) 
 
 
 
Crystal size (mm) 
V(Å3) 
Z 
Density (calc.) (Mg/m3) 
Absorption coefficient (mm-1) 
θ range for data collection (deg) 
Index ranges 
Reflections measured 
Data/parameters 
Goodness-of-fit on F2 
R; wR2 
Largest diff. peak and hole (e/Å3) 
C26H19N6ORe 
617.68 
200(2) 
Trigonal 
P3121 
a = 8.6618(2) 
b = 8.6618(2) 
c = 24.3675(3) 
α = 120 
0.03 x 0.06 x 0.20 
1583.28(6) 
3 
1.944 
5.791 
3.2-27.5 
-11≤h≤11;-9≤k<9;-31≤ℓ≤31 
4784 
2417/161 
1.08 
0.0223; 0.0494 
2.19/ -0.79 
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Table 5.4: Selected bond lengths [Å] and bond angles [°] for 1. 
 
Re-O 
Re-N(2) 
C(1)-C(6) 
N(2)-C(7) 
N(2)-C(8) 
C(8)-C(9) 
 
1.663(4) 
2.060(4) 
1.395(6) 
1.369(5) 
1.403(6) 
1.399(6) 
 
Re-N(1) 
N(1)-C(1) 
C(6)-C(7) 
N(3)-C(7) 
N(3)-C(9) 
C(8)-C(13) 
 
1.947(4) 
1.399(5) 
1.450(7) 
1.322(6) 
1.385(6) 
1.394(6) 
 
O-Re-N(1) 
O-Re-N(2) 
N(1)-Re-N(2) 
N(2)-Re-N(2_6) 
C(1)-C(6)-C(7) 
N(2)-C(7)-N(3) 
N(2)-C(8)-C(13) 
 
119.7(2) 
99.6(2) 
85.6(2) 
160.7(1) 
122.5(3) 
122.6(4) 
130.9(4) 
 
O-Re-N(1_6) 
O-Re-N(2_6) 
N(1)-Re-N(1_6) 
Re-N(1)-C(1) 
C(6)-C(7)-N(2) 
C(7)-N(2)-C(8) 
C(7)-N(3)-C(9) 
 
119.7(2) 
99.6(2) 
120.6(2) 
133.5(4) 
123.3(4) 
104.9(3) 
107.1(3) 
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Chapter 6 
Tridentate-Imido Rhenium(V)  
Complexes 
 
6.1 Introduction 
 
The oxo group dominates the chemistry of rhenium(V) in terms structures, 
geometries, reactivity, and magnetic properties, which put limitations on the 
further exploration of the oxorhenium(V) coordination chemistry.1,2 For this 
reason many current research efforts are concentrated on rhenium(V) moieties 
containing multiply-bonded nitrogen donors such as metal-nitrido, metal-
hydrazido and metal-imido in order to synthesize substitution inert complexes.3 
The introduction of substituents on the imido moiety may lead to a greater variety 
of rhenium(V) complexes which may ‘fine-tune’ the biodistribution of these 
compounds in therapeutic applications. 
 
One of the major advantages of the phenylimido moiety is that it can                   
be functionalized and derivatized. For example, the compound            
[188Re(=NC6H4-X)Cl3(PPh3)2] contains a para-substituted phenylimido group 
which is functionalized with a carboxylic group conjugated to various cholesterol 
derivatives.4 
 
Rhenium(V)-imido complexes are that are found in the literature predominately 
contain the monodentate coordination of the imine nitrogen to Re(V) through the 
doubly deprotonation of the amino nitrogen. However, it has been shown that 
many phenylimido rhenium(V) compounds are hydrolytically unstable, which was 
ascribed to the presence of  monodentate ligands in the coordination sphere.5 
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For this reason the use of multidentate imido-containing ligands in the synthesis 
of rhenium(V) complexes may be advantageous.6 
 
This chapter reports the extension of the study to the synthesis of rhenium(V) 
imido complexes containing multidentate chelates with the imido moiety. The 
reaction of the potentially tridentate Schiff base ligand N-(2-amino-3-methyl-
phenyl)salicylideneimine (H3mps; Figure 6.1) and trans-[ReOCl3(PPh3)2] in 
boiling ethanol led to the formation of a cationic octahedral complex trans-
[Re(mps)Cl(PPh3)2](ReO4). However, in benzene the reaction led to the 
formation of the neutral cis-[Re(mps)Cl2(PPh3)].   
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Figure 6.1:  Structure of N-(2-amino-3-methylphenyl)salicylideneimine (H3mps).  
 
 
6.2 Experimental 
 
6.2.1 Synthesis of trans-[Re(mps)Cl(PPh3)2](ReO4).H2O (1) 
 
A mixture of trans-[ReOCl3(PPh3)2] (100 mg, 120 µmol) and H3mps                   
(54 mg, 239  µmol) was heated under reflux in 20 cm3 of ethanol for 2h. After the 
solution was cooled to room temperature, a maroon-coloured precipitate was 
removed by filtration. Recrystallization from 1:2 ethanol:dichloromethane gave 
maroon crystals that were suitable for X-ray analysis. Yield of 1 = 65%, m.p. 185-
188˚C. Anal. Calcd. (%) for C50H41ClO2N2P2Re2.H2O: C, 48.52; H, 3.50; N, 2.26. 
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Found: C, 48.66; H, 3.61; N, 2.21. IR (νmax/cm-1): ν(Re=N) 1096; ν(C=N) 1597; 
ν(Re-N) 531; ν(Re-O) 462; ν(Re-Cl) 327. 1H NMR (295K,ppm): 13.59 (s, 1H, 
H(7)); 7.80 (t, 2H, H(4), H(12)); 7.61-7.33 (m, 32H); 7.17 (d, 1H, H(5)); 6.93 (t, 
1H, H(7)); 6.70 (d, 1H, H(11)); 2.09 (s, 3H, CH3).   UV-Vis (DMF (λ, λmax (ε, M-1 
cm-1)): 327(7300), 376(3300), 486(800). Conductivity (10-3 M, CH3CN) = 141 
ohm-1 cm2 mol-1.   
 
6.2.2 Synthesis of cis-[Re(mps)Cl2(PPh3)] (2) 
 
A mixture of trans-[ReOCl3(PPh3)2] (100 mg, 120 µmol) and H3mps                  
(54 mg, 239  µmol) was heated under reflux in 20 cm3 of benzene for 2h. After 
the solution was cooled to room temperature, a brown precipitate was removed 
by filtration, which was washed with benzene and diethyl ether. Recrystallization 
from 1:2 ethanol:benzene gave maroon crystals that are suitable for X-ray 
analysis. Yield of 2.2H2O = 73%, m.p. 171-175˚C. Anal. Calcd. (%) for 
C32H26Cl2N2PORe: C, 51.75; H, 3.53; N, 3.37. Found: C, 51.66; H, 3.59; N, 3.23. 
IR (νmax/cm-1): ν(Re=N) 1100; ν(C=N) 1597; ν(Re-N) 517; ν(Re-O) 458; ν(Re-Cl) 
306, 325. 1H NMR (295K,ppm): 13.66 (s, 1H, H(7)); 7.42-7.63 (m, 16H, PPh3, 
H(2)); 7.18 (d, 1H, H(11)); 7.08 (t, 1H, H(4)); 6.93 (t, 1H, H(3)); 6.83 (d, 1H, 
H(13)); 6.75 (d, 1H, H(5)); 6.67 (d, 1H, H(12)); 2.05 (s, 3H, CH3). UV-Vis (DMF, 
λmax (ε, M-1 cm-1)): 486(16890). Conductivity (10-3 M, CH3CN) = 48 ohm-1 cm2 mol-
1
.    
 
6.2.3 X-ray crystallography 
 
Data collection for 1 and 2 was performed on a Nonius Kappa CCD 
diffractometer at 200K with Mo Kα radiation. The structure was solved by direct 
methods and refined by full matrix least-squares procedures using SHELXL-97.7 
All non-hydrogen atoms were refined anisotropically, and hydrogen atoms were 
calculated in idealized geometrical positions. Data were corrected by a numerical 
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absorption correction 8 after optimizing the crystal shape with XShape.9 There 
are two molecules of 1 in the cell. Crystal and refinement data for complexes 1 
and 2 are given in tables 6.5 and 6.6 respectively. Selected bond angles and 
lengths for complexes 1 and 2 are given in tables 6.7 and 6.8 respectively. 
 
6.3  Results and Discussion 
 
6.3.1 Synthesis of trans-[Re(mps)Cl(PPh3)2](ReO4).H2O (1) 
 
The compound trans-[Re(mps)Cl(PPh3)2](ReO4).H2O (1) was prepared by the 
reaction of trans-[ReOCl3(PPh3)2] with two mole equivalents of H3mps in ethanol, 
heated at reflux, according to the equation: 
 
[ReOCl3(PPh3)2] + H3mps → [Re(mps)Cl(PPh3)2]+ + H2O + 2HCl 
 
Complex 1 is air-stable and diamagnetic, and is a 1:1 electrolyte in acetonitrile. 
Its only soluble in the polar solvents DMF, DMSO and acetonitrile. 
   
 
6.3.2 Synthesis of cis-[Re(mps)Cl2(PPh3)] (2) 
 
The compound cis-[Re(mps)Cl2(PPh3)] (2)  was prepared by the reaction of 
trans-[ReOCl3(PPh3)2] with two-fold molar excess H3mps in benzene, under 
reflux conditions, as represented by the equation: 
 
[ReOCl3(PPh3)2] + H3mps → [Re(mps)Cl2(PPh3)] + H2O + HCl + PPh3 
 
Complex 2 is diamagnetic and a non-electrolyte in acetonitrile, and it is soluble in 
a wide variety of solvents like ethanol, chloroform, DMF, DMSO and acetonitrile. 
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6.3.3 Spectral characterization 
 
The IR spectra of 1 and 2 [Figure 6.2]  display the Re=N stretching frequency as 
medium-intensity bands at 1096 and 1100 cm-1 respectively, with no bands in the 
920-990 cm-1 region that can be ascribed to ν(Re=O). The presence of the 
perrhenate in 1 is indicated by the very strong peak at 885 cm-1 [ν(ReVII=O)]. The 
Re-N and Re-O stretches occur at 531 and 462 cm-1, respectively, for 1, (at 517 
and 458 cm-1 for 2), while ν(Re-Cl) gives medium to weak intensity peaks in the 
range 305-330 cm-1. 
 
The 1H NMR spectrum of 1 is dominated by signals of the phosphine protons, 
and is not informative on the coordination mode of the mps ligand. Although the 
1H NMR spectrum of 2 is dominated by the signals of the phosphine protons, the 
aromatic region integrates for 23 hydrogens. The signal of the methine proton 
H(7) appears far downfield as a singlet at 13.66 ppm, and the signal of H(2) is 
hidden under a sixteen-proton multiplet at 7.36-7.42 ppm. The signals of the 
other protons of the mps ligand are clearly distinguishable as a doublet–triplet-
triplet-doublet-doublet-triplet sequence in the region 6.67-7.18 ppm. 
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Figure 6.2: IR spectra of 1 and 2. 
 
 
 
The electronic spectrum of 1 [Figure 6.3] in DMF shows two intense absorption 
bands at 327 and 376 nm, and a weaker one at 486 nm. With reference to 
previous spectroscopic studies, the intense band at 327 nm, with an extinction 
coefficient of 7300 M-1 cm-1 , is tentatively assigned to a ligand-to-metal charge 
transition [p
π
(N2-) → d*
π
(Re)], and the one at 376 nm to the p
π
(Cl-) → d*
π
(Re) 
(d*
π
 = dxy, dyz). The weak absorption at 489 nm is probably due to a (dxy)2 → 
(dxy)1 (d*π)1 transition. The electronic spectrum of 2 [Figure 6.4] in DMF shows a 
strong absorption at 485 nm which is assigned to a ligand-to-metal-charge 
transfer band. 
 
 
Wavenumber (cm-1) 
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Figure 6.3: UV-Vis spectrum of complex 1. 
 
 
0
0.5
1
1.5
2
2.5
3
400 500 600 700 800
Wavelenght (nm)
Ab
so
rb
an
ce
 
Figure 6.4: UV-Vis spectrum of complex 2. 
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6.3.4  Description of the structure of complex 1 
 
X-ray crystallographic analysis of 1 shows that the rhenium(V) ion is centered in 
an octahedral environment with the equatorial plane formed by the P2ClN(1) 
donor sets [Figure 6.5]. The octahedron is severely distorted, with the Cl-Re-P(1) 
and Cl-Re-P(2) bond angles close to orthogonality [89.44(5)˚ and 90.39(5)˚ 
respectively], but with large deviations from orthogonality for Cl-Re-O(1) 
[101.5(5)˚], and Cl-Re-N(2) [106.4(4)˚]. The N(2)-Re-O(1) angle is non-linear 
[152.1(6)˚]. The two phenyl rings of mps make a dihedral angle of 12.10˚ with 
one another, while the P(1)-Re-P(2) angle is pratically linear at 179.46(5)˚. The 
two bite angles of mps are N(1)-Re-O(1)=82.2(5)˚ and N(1)-Re-N(2)=69.6(5)˚. 
 
The mps ligand acts as a tridentate trianionic moiety, with N(2) coordinated to Re 
as a dinegative imido nitrogen atom. The Re-N(2) bond length of 1.82(2)Ǻ is 
longer than the normally observed bond lengths for the phenylimido unit       
[1.726 – 1.740Ǻ],10 but is considerably shorter than the values usually found for 
ReV-NH and ReV-NH2 bonds [1.98-2.05Ǻ and 2.15-2.23Ǻ, respectively].11 The 
Re-N(2)-C(9) bond angle of 135(1)˚ indicates significant deviation from linearity 
of the coordination mode of the phenylimido unit, with a reduction in bond order. 
These data intimate that the imido nitrogen is doubly, rather than triply, bonded to 
the rhenium, thereby making the complex a sixteen-electron species. The Re-
N(1) bond length of 2.211(9)Ǻ is typical of ReV-N(imine) bonds, and the Re-O(1) 
bond length of 1.85(2)Ǻ  falls at the lower end of the range [1.84 – 1.97Ǻ]  
normally observed for Re-O (phenolate) bonds.12 The C(7)-N(1)-C(8) bond angle 
of 117.4(9)˚ is close to the ideal of 120˚ for a sp2 hybridized nitrogen atom. The 
C(7)-N(1) bond length of 1.30(2)Ǻ is typical for a carbon-nitrogen double bond of 
this type. The Re-Cl bond length [2.371(1)Ǻ] is within the range [2.34(2) - 
2.44(2)Ǻ] normally found for Re(V) complexes containing phosphine ligands.13 
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Figure 6.5 : ORTEP view of the cation of complex 1, showing 40% probability 
displacement ellipsoids and the atom labelling. Hydrogen atoms have been 
omitted for clarity. 
 
 
The [ReO4]- anion has approximately regular tetrahedral geometry, with the 
average Re(2)-O distance equaling 1.707(8)Ǻ. The closest contact that this 
counterion has with the complex is 3.176(9)Ǻ, i.e. between the perrhenyl oxygen 
O(2) and H(38), attached to C(38) of one of the P(2) phenyl rings. Two significant 
hydrogen-bonds are formed between two perrhenyl oxygens  and the water of 
crystallization (i.e. O(6)-H(6A)H(6B): O6–H(6A) ······O(4) = 2.87(1)Ǻ and O(6)-
H(6B)······O(5) = 2.83(1)Ǻ [Figure 6.6].    
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Figure 6.6: PLATON view of complex 1. 
 
 
6.3.5 Description of the structure of complex 2 
 
X-ray crystallographic analysis of 2 shows that the rhenium(V) ion is centered in 
an octahedral environment with the equatorial plane formed by the PCl2N(1) 
donor set [Figure 6.7]. The octahedron is distorted, with the                       
Cl(2)-Re-P [91.24(3)˚], Cl(1)-Re-Cl(2) [88.58(4)˚], Cl(1)-Re-N(1) [87.57(9)˚] and 
N(1)-Re-P [92.64(9)˚] bond angles remarkably close to orthogonality. The 
equatorial plane is strictly planar, and the rhenium atom is displaced from this 
plane by 0.0695Ǻ towards the N(2) atom. This displacement leads to the 
nonorthogonal angles N(2)-Re-Cl(1)=96.5(1)˚, N(2)-Re-Cl(2)=103.2(1)˚, N(2)-Re-
N(1)=76.7(1)˚ and N(2)-Re-P=90.2(1)˚. This distortion results in a nonlinear N(2)-
Re-O axis of 158.9(1)˚. The two phenyl rings of mps make a dihedral angle of 
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13.14˚ with one another. The two bite angles of mps are N(1)-Re-O=82.6(1)˚ and 
N(1)-Re-N(2)=76.7(1)˚. 
 
 
Figure 6.7: ORTEP view of complex 2, showing 40% probability displacement 
ellipsoids and the atom labelling. Hydrogen atoms have been omitted for clarity. 
 
The mps ligand acts as a tridentate trianionic moiety, with N(2) coordinated to the 
Re as a dinegative imido nitrogen atom. The Re-N(2) bond length of 1.762(3)Ǻ is 
slightly longer than normally observed for the phenylimido unit [1.726 – 
1.740Ǻ],13 but is considerably shorter than the values usually found for ReV-NH 
and ReV-NH2 bonds [1.98 - 2.05Ǻ and 2.15 - 2.23Ǻ, respectively].14 The Re-N(2)-
C(9) bond angle of 128.6(2)˚ indicates significant deviation from linearity of the 
coordination mode of the phenylimido unit, with a reduction in bond order. These 
data intimate that  the imido nitrogen is doubly, rather than triply, bonded to the 
rhenium, thereby making the complex a sixteen electron species. The Re-N(1) 
bond length of 2.169(3)Ǻ is typical end of the range normally observed for Re-O 
(phenolate) bonds.12 The C(7)-N(1)-C(8) bond angle of 119.9(3)˚ is close to the 
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ideal for a sp2 hybridized nitrogen atom. The C(7)-N(1) bond length of 1.292(5)Ǻ 
is typical for a carbon-nitrogen double bond of this type. The Re-Cl bond lengths 
[2.445(1) and 2.352(1)Ǻ] are within the range [2.34(2)-2.44(2)Ǻ] found normally 
for Re(V) complexes containing phosphine ligands.13 A weak intramolecular 
hydrogen bond exists between C(7)H(7) and Cl(1)[3.715(4)Ǻ].        
 
6.3.6 Cyclic voltammetry studies 
 
As was found for other rhenium(V)-imido complexes,15-18 the voltammogram of 
complex 1 [Figure 6.8] display several reversible and irreversible processes. The 
reversible process is denoted as peaks 2 and 7 and is assigned to the oxidation 
redox couple Re(V)/Re(VI). The pseudo-reversible process, denoted as peaks as 
1 and 8 could be due to species formed as one of the donor atoms decoordinates 
when oxidation from the Re centre and coordinates back again when reduction 
occurs.19  
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Figure 6.8: Voltammogram of complex 1. 
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To investigate the redox properties of the counter-ion perrhenate (ReO4-), an 
overlay voltammogram of the ammonium perrhenate and complex 1     [Figure 
6.9] was generated. The overlay voltammogram  shows that the irreversible 
process in the cathodic potential region denoted as peak 3 is a perrhenate peak 
which is assigned to the Re(VII)/Re(VI) redox couple. The perrhenate peak is 
shifted slightly due to the fact the perrhenate finds itself in different environments 
in ammonium perrhenate compared to that in complex 1. The CV analysis was 
also done in different solvents for ammonium perrhenate and complex 1.  
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Figure 6.9: Overlay voltammogram of complex 1 and and perrhenate. 
 
 
 
The overlay voltammogram of the complex 1 [Figure 6.10] and the ligand 2-
amino-3-methylphenylsalicylideneimine shows that the irreversible process 
denoted as peak 4 on the voltammogram  of 1 is due to the redox properties of 
the ligand. The other irreversible processes denoted as peaks 5 and 6 of the 
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voltammogram of complex 1 could be due to species formed as the ligand 
decoordinates.19 
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Figure 6.10: Overlay voltammogram of complex 1 and ligand. 
 
 
Complexes 1 and 2 have similar structures and are expected to display similar 
redox properties. The voltammogram of complex 2 [Figure 6.11] shows several 
irreversible processes. This irreversible process denoted as peak 5 is assigned 
to redox couple Re(V)/Re(VI).  The irreversible process denoted as peak 4 is 
assigned to the redox couple Re(IV)/Re(V).  
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Figure 6.11: Voltammogram of complex 2. 
 
 
An overlay voltammogram of complex 2 and its ligand 2-amino-3-methylphenyl 
salicylideneimine [Figure 6.12] shows that the irreversible processes denoted as 
peaks 1 and 3 are due to the ligand redox properties. The ligand peaks on the 
complex voltammogram are shifted slightly compared to the peaks on the overlay 
voltammogram of the complex due to the loss of electron-density as the ligand 
coordinated to the metal centre. The other irreversible processes could be due to 
species that are formed as the ligand decoordinates.19 
Cu
rr
e
n
t (1
0-
5 A
) 
Chapter 6                                                                                                   I.N. Booysen 
 
Nelson Mandela Metropolitan University 118 
-3
-2
-1
0
1
2
3
4
-2.0-1.5-1.0-0.50.00.51.01.52.0
Potential (V) Complex 2
Ligand
1
1 3 3
 
Figure 6.12: Overlay voltammogram of complex 2 and H3mps. 
 
Table 6.1: Estimated redox potentials of the complexes. 
 
mV 
Redox Couples Re(VI)/Re(VII) Re(V)/Re(VI) Re(IV)/Re(V) Re(III)/Re(IV) 
Complex 1 
≈ -750 (Epc)c 937 (Epa)b / / 
Complex 2 -808 (Epc)c 900.5 (E1/2)a /  
Ammonium 
Perrhenate -732.5 (E1/2)a -179 (Epc)c / / 
 
a
 reversible process, E1/2 = ½(Epa + Epc), ∆E = Epa – Epc ≈ 60mV  
b
 irreversible process, Epa = anodic peak potential 
c
 irreversible process, Epc = cathodic peak potential 
/  no redox couple exists 
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6.3.7 Computational modelling studies 
 
The geometries of complexes 1 and 2 were optimized in a singlet state with the 
density functional theory method with the use of the B3LYP functional.20 The 
optimized parameters for 1 and 2 are gathered in Tables 6.2 and 6.3, 
respectively. The calculated bond lengths and angles are in agreement with the 
experimental values found by the X-ray crystal structure data. However, the 
optimized bond lengths and angles do not agree well with the experiment values 
for 1, while these are in good agreement for 2. This could be ascribed to the fact 
that the cationic complex 1 is part of a crystal lattice with perrhenate as counter 
ion and a water molecule also present, and those interactions were not 
accounted for during the computation.  
 
 
Table 6.2: The experimental and optimized bond lengths (Ǻ) and angles (˚) for 1. 
 
 Experimental Optimized 
Re-O(1) 1.85 1.971 
Re-Cl 2.371 2.220 
Re-P(1) 2.497 2.560 
C(1)-O(1) 1.31 1.331 
N(1)-C(8) 1.44 1.299 
Re-N(1) 1.82 1.761 
Re-N(2) 2.211 2.220 
Re-P(2) 2.499 2.560 
N(2)-C(9) 1.41 1.383 
C(7)-N(1) 1.30 1.439 
P(1)-Re-P(2) 179.46 172.41 
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O(1)-Re-N(2) 152.1 157.63 
Cl(1)-Re-O(1) 101.5 95.93 
N(1)-Re-O(1) 82.2 82.35 
N(1)-Re-N(2) 69.9 75.42 
Re-N(2)-C(9) 135.0 129.70 
 
 
Table 6.3: The experimental and optimized bond lengths (Ǻ) and angles (˚) for 2. 
 
 
 Experimental Optimized 
Re-O(1) 1.928 1.996 
Re-Cl(1) 2.445 2.428 
Re-Cl(2) 2.352 2.399 
C(1)-O(1) 1.332 1.324 
N(1)-C(8) 1.432 1.420 
Re-N(1) 2.169 2.205 
Re-N(2) 1.762 1.765 
Re-P(1) 2.424 2.499 
N(2)-C(9) 1.401 1.381 
C(7)-N(1) 1.292 1.300 
P(1)-Re-Cl(1) 173.15 169.11 
O(1)-Re-N(2) 158.9 155.18 
Cl(1)-Re-O(1) 86.62 86.69 
Cl(1)-Re-N(2) 96.5 100.06 
Cl(2)-Re-N(1) 176.11 174.41 
Cl(2)-Re-P(1) 91.24 90.08 
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Table 6.4 presents the atomic charges from the Natural Population Analysis for 
complexes 1 and 2. A trend is found in the literature,20-23 the calculated charges 
on the rhenium atoms are considerable lower than the formal +V charge. This is 
the result of significant charge donation from the imido ligand, chloride ions, 
phenolate oxygen and triphenylphosphine molecule. For complex 2 the charges 
on the two cis chloride are considerably different, which is ascribed to the 
differences in the trans-influence of the P(1) and N(1). This is also indicative of 
the difference of experimental and optmized bond lengths of the two chloride 
atoms.      
 
 
Table 6.4: Atomic charges for complexes 1 and 2 from the  
Natural Population Analysis. 
 
 
1 2 
Re 1.265 1.356 
N(1) -0.536 -0.532 
N(2) -0.519 -0.527 
O(1) -0.701 -0.711 
P(1) 1.055 1.076 
P(2) 1.058 / 
Cl(1) -0.445 -0.515 
Cl(2) / -0.465 
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Table 6.5: Crystal data and structure refinement data for 1. 
 
Chemical formula 
Formula weight 
Temperature(K) 
Crystal system 
Space group 
Unit cell dimensions (Ǻ, ˚) 
 
 
 
 
 
Crystal size (mm) 
V(Å3) 
Z 
Density (calc.) (Mg/m3) 
Absorption coefficient (mm-1) 
θ range for data collection (deg) 
Index ranges 
Reflections measured 
Independent/Observed reflections 
Data//parameters 
Goodness-of-fit on F2 
R, wR2 
Largest diff. peak and hole (e/Å3) 
C50H41ClO2N2P2Re2.H2O 
1237.70 
200(2) 
Triclinic 
P1 
a = 10.8666(2) 
b = 14.3542(3) 
c = 14.7295(3) 
α = 90.459(1) 
β = 91.557(1) 
γ= 95.179(1) 
0.03 x 0.06 x 0.20 
2287.18(8) 
2 
1.797 
5.468 
3.2-27.5 
-14≤h≤13;-18≤k<18;-19≤ℓ≤19 
18982 
10297/8324 
10297/646 
1.14 
0.0449; 0.0974 
1.49/-2.11 
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Table 6.6: Crystal data and structure refinement data for 2. 
 
Chemical formula 
Formula weight 
Temperature(K) 
Crystal system 
Space group 
Unit cell dimensions (Ǻ, ˚) 
 
 
 
 
 
Crystal size (mm) 
V(Å3) 
Z 
Density (calc.) (Mg/m3) 
Absorption coefficient (mm-1) 
θ range for data collection (deg) 
Index ranges 
Reflections measured 
Data/parameters 
Goodness-of-fit on F2 
R, wR2 
Largest diff. peak and hole (e/Å3) 
C32H26Cl2N2PORe 
742.65 
200(2) 
Triclinic 
P1
 
a = 11.2442(2) 
b = 11.6288(2) 
c = 13.6434(4) 
α = 109.155(1) 
β = 93.336(1) 
γ= 116.961(1) 
0.03 x 0.10 x 0.14 
1455.96(6) 
2 
1.694 
4.440 
3.2-27.5 
-14≤h≤14;-14≤k<14;-17≤ℓ≤17 
12258 
6595/1035 
1.06 
0.0276; 0.0611 
1.50/-1.23 
 
 
 
 
Chapter 6                                                                                                   I.N. Booysen 
 
Nelson Mandela Metropolitan University 124 
Table 6.7: Selected bond lengths [Å] and bond angles [°] for 1. 
 
Re-O(1) 
Re-Cl 
Re-P(1) 
C(1)-O(1) 
N(1)-C(8) 
C(14)-C(10) 
C(6)-C(1) 
C(8)-C(13) 
C(11)-C(12) 
C(6)-C(7) 
C(3)-C(4) 
 
1.85(2) 
2.371(1) 
2.497(2) 
1.31(3) 
1.44(2) 
1.478(18) 
1.31(3) 
1.363(16) 
1.45(3) 
1.420(18) 
1.43(2) 
Re-N(2) 
Re-N(1) 
Re-P(2) 
C(7)-N(1) 
N(2)-C(9) 
C(9)-C(10) 
C(8)-C(9) 
C(12)-C(13) 
C(10)-C(11) 
C(5)-C(4) 
C(2)-C(3) 
1.82(2) 
2.211(9) 
2.499(2) 
1.30(2) 
1.41(2) 
1.375(19) 
1.39(2) 
1.42(2) 
1.37(2) 
1.37(3) 
1.37(2) 
P(1)-Re-P(2) 
O(1)-Re-N(2) 
Cl(1)-Re-O(1) 
Cl(1)-Re-N(2) 
Re-N(2)-C(9) 
N(1)-Re-N(2) 
N(1)-Re-O(1) 
C(1)-C(6)-C(7) 
N(2)-C(9)-C(8) 
C(9)-C(10)-C(14) 
179.46(5) 
152.1(6) 
101.5(5) 
106.4(4) 
135(1) 
69.9(5) 
82.2(5) 
115.6(17) 
108.3(13) 
125.2(12) 
 
Cl-Re-N(2) 
Cl-Re-P(1) 
Cl-Re-P(2) 
C(1)-O(1)-Re 
C(7)-N(1)-C(8) 
C(6)-C(7)-N(1) 
N(1)-Re-P(1) 
O(1)-C(1)-C(6) 
N(2)-C(9)-C(8) 
C(11)-C(10)-C(14) 
176.1(3) 
89.44(5) 
90.93(5) 
138(17) 
117.4(9) 
124.7(10) 
89.3(2) 
126(3) 
108.3(13) 
118.5(12) 
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Table 6.8: Selected bond lengths [Å] and bond angles [°] for 2. 
 
Re-O 
Re-Cl(1) 
Re-Cl(2) 
C(1)-O 
N(1)-C(8) 
C(10)-C(14) 
C(1)-C(6) 
C(9)-C(10) 
C(1)-C(2) 
1.928(2) 
2.445(1) 
2.352(1) 
1.332(5) 
1.432(5) 
1.475(6) 
1.390(6) 
1.387(6) 
1.412(6) 
 
Re-N(2) 
Re-N(1) 
Re-P 
C(7)-N(1) 
N(2)-C(9) 
C(10)-C(11) 
C(8)-C(9) 
C(8)-C(13) 
C(6)-C(5) 
1.762(3) 
2.169(3) 
2.4235(10) 
1.292(5) 
1.401(6) 
1.404(7) 
1.435(5) 
1.374(6) 
1.424(6) 
P-Re-Cl(1) 
O-Re-N(2) 
Cl(1)-Re-O 
Cl(1)-Re-N(2) 
Re-N(2)-C(9) 
N(1)-Re-N(2) 
N(1)-Re-O 
N(1)-C(8)-C(9) 
N(2)-C(9)-C(8) 
C(11)-C(10)-C(14) 
O-C(1)-C(6) 
 
173.15(3) 
158.9(1) 
86.62(7) 
96.5(11) 
128.6(2) 
76.76(13) 
82.60(10) 
111.5(3) 
110.9(3) 
122.1(4) 
122.3(3) 
Cl(2)-Re-N(2) 
Cl(1)-Re-N(1) 
Cl(2)-Re-P 
C(1)-O-Re 
C(7)-N(1)-C(8) 
C(6)-C(7)-N(1) 
N(2)-Re-P 
N(1)-C(7)-C(6) 
N(2)-C(9)-C(10) 
C(9)-C(10)-C(14) 
O-C(1)-C(2) 
103.18(11) 
87.57(9) 
91.24(3) 
137.4(2) 
119.9(3) 
125.5(4) 
90.2(11) 
125.4(4) 
126.6(4) 
121.0(4) 
117.8(4) 
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Chapter 7 
Future Work 
 
 
7.1 Future work 
 
This study presents the successful synthesis of rhenium(V) complexes containing 
the imido group, and it emphasizes the unusual structural, redox and chemical 
properties of these complexes. In this study, the 1,2-diaminobenzene and 
derivatives, which all contain at least one amino group, have been used.  
 
Chapter 4 reports the synthesis of [ReO(Hapb)(apb)] from 2-(2-aminophenyl)-1H-
benzimidazole (Hapb) and trans-[ReO2(py)4]Cl. This study can be further 
extended by using the benzothiazole derivatives, such as 2-(2-aminophenyl)-1H-
benzothiazole [Figure 7.1].1 
 
N
S
H2N
 
Figure 7.1: Structure of 2-(2-aminophenyl)-1H-benzothiazole. 
 
 
Aminophenyl-benzothiazole derivatives are of considerable interest as a result of 
their important biological and biophysical properties. 4-(Aminophenyl)-
benzothiazoles display anticancer activity  against carcinoma cell lines in vitro 
and, in addition demonstrate an affinity to locate in amyloidal plaques of the 
brains of patients suffering from Alzheimer’s disease. This chemical class is 
therefore an important candidate for the development of new rhenium 
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radiopharmaceuticals for tumour radiotherapy, as well as a treatment for 
Alzheimer’s disease.1   
 
This study can be further extended to derivatives of other ligands such as 
donepezil [Figure 7.2] and 9-amino-1,2,3,4-tetrahydroacridine hydrochloride 
(tacrine) [Figure 7.3].  Donepezil is mainly use for the treatment of Alzheimer’s 
disease which has an oral bioavailability of 100% and easily crosses the blood-
brain barrier. Tacrine is used for the palliative treatment of mild to moderate 
primary degenerative dementia of Alzheimer’s disease.2   
 
 
O
N O
O
 
Figure 7.2: Structure of donepezil. 
. 
N
NH2
 
Figure 7.3: Structure of tacrine. 
 
 
Chapter 6 reports the synthesis of novel tridentate-imido rhenium(V) complexes. 
These complexes can be reacted with oxalate and 5,6-diaminouracil-1,3-
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dimethyluracil to form  “3+2” complexes. These complexes would have unusual 
structural, redox and chemical properties due to the hydrophobic and hydrophilic 
nature of the two “3” and “2” halves of the complexes due to the organic ligand 
and the oxalate ion and 5,6-diamino-1,3-dimethyluracil.3 
 
The study could also be further extended to reactions with tetradentate ligands 
[Figure 7.4] which could potentially form a doubly deprotonated nitrogen, to give 
an tetradentate imido rhenium(V) complex.      
 
N
NH2
C
H
C
H
N
H2N
 
Figure 7.4: Structure of N-(2-(2-aminophenylimino)ethylidene)benzene-1,2-
diamine . 
 
 
Recently, there has been an upsurge in the research of rhenium in the +I and 
+VII oxidation states due to the instability and insolubility of most rhenium(V) 
compounds in water. All the ligands mentioned here, and those used in this 
study, can be used to prepare new complexes of rhenium in these two oxidation 
states. 
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